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General Introduction 
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'3&%#("#/$6%*"4."%',,)*$%,4K54&?,4K54&%#>(/'.(4)3%8)/%0/)&5.(%4$),'(4)3;%
% N0'/(%8/)1%',,%("#$#%7#3#84($6%("#%5$#%)8%+,-.#/),%'$%$),2#3(%43%."#14.',%(/'3$8)/1'(4)3$%
$")*$% ',$)% $)1#% &/'*7'.=$;% !"#% /#'.(424(-% )8% ("#% ("/##% "-&/)>-,% +/)50$% *4("% ("#% /#'.(4)3%
.)10)3#3($%.'3%,#'&%()%53&#$4/#&%$4&#%0/)&5.($;%M3%'&&4(4)36%("#%.))/&43'(4)3%'74,4(-%)8%+,-.#/),%
.)5,&%7#%'%0/)7,#1%8)/%(/'3$4(4)3%1#(',%.)10,#>%.'(',-$($6%7#.'5$#%)8%("#%.)10#(4(4)3%7#(*##3%
("#%&#$4/#&%,4+'3&$%'3&%("#%"-&/)>-,%+/)50$%8)/%("#%.))/&43'(4)3%()%("#%1#(',%.#3(/#;%<)/#)2#/6%
4($% "4+"% 24$.)$4(-% .)5,&% 1'=#% &4884.5,(% ("#% &4885$4)3% )8% ("#% )/+'34.% $57$(/'(#$% 43% ("#% 1#&451;%
U)*#2#/6%("4$%,414('(4)3%.'3%7#%)2#/.)1#%7-%43./#'$43+%("#%/#'.(4)3%(#10#/'(5/#%'7)2#%HD%VW%)/%
'&&43+% .)?$),2#3($% ()% 410/)2#% ("#% 8,54&4(-;% M3% '&&4(4)36% ("#% $(/)3+% "-&/)+#3?7)3&43+% 3#(*)/=%
$(/5.(5/#% )8% +,-.#/),QGFR% 1'=#$% 4(% #$0#.4',,-% 5$#85,% '$% $),2#3(% 43% 14./)*'2#?0/)1)(#&% )/+'34.%
(/'3$8)/1'(4)3$;QGGR%!"4$%$50/'1),#.5,'/%3#(*)/=%4$%("#%/#$0)3$47,#%)8%4($%"4+"%24$.)$4(-6%*"4."%4$%
!"#"$%&'(#)$*+,-)(*#'
'!
! "#!
!"##$%&'$() '") '*$) %"+,) #$%&-&'."+) './$) 0'*&') .12) '*$) './$) '&3$+) 4"#) '*$)/"%$!5%$) '") '&3$) 56) &)
#&+("/)"#.$+'&'."+)7*$+)'*$)$%$!'#.!)4.$%().1)17.'!*$()"448)"91$#:$()4"#),%;!$#"%2).+)!"/6&#.1"+)
7.'*)"'*$#)6#"'.!)1"%:$+'1<=>?@)A*.1)4&!'2)'",$'*$#)7.'*).'1)4&:"5#&9%$)(.$%$!'#.!)6#"6$#'.$12)/&3$1)
,%;!$#"%)&)!*$&6)&+()$+:.#"+/$+'&%)4#.$+(%;)1"%:$+'<)
B') .1) &%1") #$/&#3&9%$) '*$) 6&#'.!5%&#) &9.%.';) "4) ,%;!$#"%) '") 1'&9.%.1$) &+() .//"9.%.1$)/$'&%%.!)
+&+"6&#'.!%$1<=C?!@) A*$) 9"''"/D56) 1;+'*$'.!) &66#"&!*) .1) "+$) "4) '*$) /"1') !"+:$+.$+') 7&;1) '")
!"+'#"%) '*$) 1.E$) &+() /"#6*"%",;) "4) /$'&%%.!) +&+"6&#'.!%$1) 0FGH18) (5#.+,) .'1) 6#$6&#&'."+)
0I!*$/$)C<?8<=>J@)K$+$#&%%;2) '*$) 4.#1') 1'$6) .+) '*.1) 1'#&'$,;)!"+1.1'1) .+) '*$) #$(5!'."+)"4) '#&+1.'."+)
/$'&%)1&%'1)"#)"#,&+"/$'&%%.!)!"/6%$-$1)09;)&((.+,)&)#$(5!.+,)&,$+'8<)A*$+2)+&3$()&'"/1)1'&#')
'")!"%%.($)$&!*)"'*$#) .+)'*$)+5!%$&'."+)1'$6)%$&(.+,)'")'*$)4"#/&'."+)"4)1$$(1)0+5!%$.2) (."<)1/&%%)
!%51'$#18<)A")!"+'#"%)'*$)6&#'.!%$1),#"7'*2).').1)+$!$11&#;)'*$)6#$1$+!$)"4)&)1'&9.%.1$#2).+)"#($#)'")
&:".() '*$) '*$#/"(;+&/.!&%%;) '$+($+!;) '"),.:$)&,,%"/$#&'$1)&+()95%3)/&'$#.&%<=>L@)H"%;"%12) %.3$)
,%;!$#"%2) *&:$) 9$$+) 7.($%;) &66%.$() &1) 1"%:$+'1) 4"#) '*$) 4"#/&'."+) "4) FGH1) 9$!&51$) '*$;) !&+)
45+!'."+) &1) 9"'*) #$(5!.+,) &,$+') &+() 1'&9.%.1$#<=>M@) A*.1) /$'*"("%",;) .1) 3+"7+) &1) '*$) 6"%;"%)
1;+'*$'.!)/$'*"()&+() .')7&1) 4.#1')($:$%"6$()9;)N.O:$')")'%&.' .+)CPQP<=>R@)F"#$":$#2),%;!$#"%)*&1) '*$)
&9.%.';) '") .//"9.%.1$) FGH12) 4&:"5#.+,) '*$) #$!;!%.+,) "4) '*$) !&'&%;'.!) 6*&1$) 9;) 1./6%$) %.S5.(D%.S5.()
$-'#&!'."+) "4) '*$) "#,&+.!) 6#"(5!'1) &+() 6#$1$#:.+,) '*$) #$&!'.:.';) 4"#) '*$) +$-') #5+1<) A*$)
156#&/"%$!5%&#) +$'7"#3) "4) ,%;!$#"%) /.,*') 9$) '*$) #$16"+1.9%$) "4) 15!*) ,""() .//"9.%.1&'."+) "4) '*$)
+&+"!&'&%;1'12) /&3.+,) $&1.$#) '*$) (.16$#1."+) "4) +&+"6&#'.!%$1) &+() !"+1$S5$+'%;) &:".(.+,) '*$.#)
&,,%"/$#&'."+2) .+) !"+'#&1') '") '*$) /"1') 6&#') "4) !"//"+) "#,&+.!) 1"%:$+'1<) T"7$:$#) +$&') ,%;!$#"%)
!&++"')&:".()'*$)FGH1)&,,%"/$#&'."+<=>Q@)
!
!"#$%$&'())U"''"/D56)1;+'*$'.!)&66#"&!*)4"#)'*$)6#$6&#&'."+)"4)FGH1<)
) B+) #$%&'."+) '") '*$) &66%.!&'."+1) .+) 1;+'*$1.12) ,%;!$#"%) *&1) 9$$+) 51$() &1) 1"%:$+') .+) /&+;)
"#,&+.!) '#&+14"#/&'."+1) 1.+!$) '*$)/.((%$) "4) '*$) %&1') !$+'5#;<=>P@) G$:$#'*$%$112) .') *&1) +"') 9$$+)
!"+1.($#$() &1) &) ,#$$+) 1"%:$+') 5+'.%) >VVM2) 7*$+)W"%41"+) ")' %&<=?V@) #$6"#'$() '*$) 4.#1') $-&/6%$1)
51.+,),%;!$#"%)&1)1"%:$+') .+)H(D!&'&%;1$()T$!3)&+()I5E53.)!#"11D!"56%.+,1)#$&!'."+1<)I.+!$)'*$+2)
'*$)+5/9$#)"4)659%.!&'."+1)#$6"#'.+,)'*$)9$+$4.'1)"4) '*$)51$)"4),%;!$#"%)&1)1"%:$+') .+)!*$/.!&%)
'#&+14"#/&'."+1).+!%5(.+,)!&'&%;'.!)6#"!$11$12)*&1).+!#$&1$()!"+1.($#&9%;<))
Metallic
molecular
species
reduction nucleation growth
stabilising
agent
!"#$%&'()(!
!"#!
! "#$%&'$($)!*+&!'&,#'*-!#$!$#$.%/*/01-&2!'&/%*(#$-!($!)01%&'#0!3&2(435!(*!(-!'&3/'6/70&!*+&!
,(#$&&'($)!%#$*'(74*(#$!#8!9:';3&!&%(#*<=>?@5! ($!A+(%+!*+&1!%0&/'01!2&3#$-*'/*&2!*+&!/2B/$*/)&-!
#8! )01%&'#0! #B&'! #*+&'! %#$B&$*(#$/0! -#0B&$*-5! ($%042($)!A/*&'<!C01%&'#0!A/-! 8#4$2! *#!7&!+()+01!
&88(%(&$*! ($! -#3&! #')/$(%! *'/$-8#'3/*(#$-! -4%+! /-! *+&! /D/.E(%+/&0! '&/%*(#$! #8! /3($&-! /$2!
/$(0($&-5! *+&!E(%+/&0! '&/%*(#$!#8! ($2#0&-!#'! *+&! '($).#,&$($)!#8! -*1'&$&!#F(2&!A(*+!$./$(-(2($&<!
G8*&'!*+(-!%#$*'(74*(#$5!*+&!$437&'!#8!A#'6-!4-($)!)01%&'#0!/-!-#0B&$*!($!$#$.%/*/01-&2!'&/%*(#$-!
($%'&/-&2<! H#'! ($-*/$%&5! C4! &%( #*<=>I@! -+#A&2! *+/*! )01%&'#0! (-! /$! &F%&00&$*! -#0B&$*! *#! %/''1! #4*!
%#$2&$-/*(#$-! #8! /02&+12&-!A(*+! ($2#0&-! /$2! ?5>.%1%0#+&F/2(#$&-5! ($! *+&! /7-&$%&! #8! /$1! /%(2!
%/*/01-*<! J+#-/0&! &%( #*<=>>@! '&,#'*&2! *+&! ,'&,/'/*(#$! #8! K.-47-*(*4*&2! ?+.*&*'/D#0&-! ($! )01%&'#0!
3&2(43! 4$2&'! %/*/01-*.8'&&! %#$2(*(#$-! 4-($)! /'10! $(*'(0&-5! 7&$D10! $(*'(0&-! /$2! /0-#! -*&'(%/001!
+($2&'&2! $(*'(0&-! ($! %#37($/*(#$!A(*+! -#2(43! /D(2&<! L*! -+#402! 7&! /0-#! +()+0()+*&2! *+&!A#'6! #8!
M/8/&(!/$2!M+&6#4+1!&%(#*<=>N@! ($!A+(%+!*+&1!2&B&0#,&2!/!#$&.,#*!%+&3#-&0&%*(B&!,'#%&24'&!8#'!
*+&!-1$*+&-(-!#8!N+.,1'/$-!OM%+&3&!?<NP<!
!
!"#$%$&'()!Q#$.%/*/01-&2!#$&.,#*!*+'&&.%#3,#$&$*!-1$*+&-(-!#8!N+.,1'/$!2&'(B/*(B&-!($!)01%&'#0<=>N@!!
! L*!+/-!7&&$!-,&%40/*&2!*+/*!)01%&'#0!8/%(0(*/*&-!*+&-&!$#$.%/*/01-&2!#')/$(%!*'/$-8#'3/*(#$-!
24&!*#!(*-!($*&'/%*(#$!71!+12'#)&$!7#$2($)!A(*+!*+&!'&/%*/$*-5!*+4-!-*/7(0(-($)!*+&!%#''&-,#$2($)!
*'/$-(*(#$!-*/*&-!/$2!($*&'3&2(/*&-<=>N@!"#$%&'$($)!*+(-!0/-*!&F/3,0&5!*+&!/4*+#'-!,'#,#-&2!*+/*!
($!*+&!8('-*!-*&,!#8!*+(-!'&/%*(#$!*+&!RS!)'#4,-!#8!)01%&'#0!,'#3#*&!*+&!8#'3/*(#$!#8!/$!,.#0&8($!
7&*A&&$!*+&!/02&+12&!/$2!3/0#$#$(*'(0&<!
! T+&!2&B&0#,3&$*!#8!3&*/00(%!%/*/01*(%!-1-*&3-!($!)01%&'#0!(-!#$&!#8!*+&!*#,(%-!#8!'&-&/'%+!($!
#4'! )'#4,<=?>%@! U&! +/B&! %#$*'(74*&2! *#! *+&! 2&B&0#,3&$*! #8! 3&*/00(%! +#3#)&$&#4-! %/*/01*(%!
-1-*&3-! /-! A&00! /-! *+&! (33#7(0(-/*(#$! #8! 3&*/0! $/$#,/'*(%0&-! 8#'! %/*/01-(-! ($! $&/*! )01%&'#0<!
"#$%&'$($)!*+&!+#3#)&$&#4-!-1-*&3-5!A&!+/B&!2&3#$-*'/*&2!*+&!(3,#'*/$*!'#0&!#8!)01%&'#0!($!
*+&! V+.%/*/01-&2! W/4-#$XY+/$2! %/'7#%1%0(-/*(#$! OM%+&3&! ?<KP<=>K@! G0*+#4)+5! /-! 3&$*(#$&2!
7&8#'&5!*+&!,#*&$*(/0!'&/%*(B(*1!/$2!%##'2($/*(#$!/7(0(*1!#8!*+&!+12'#F10!)'#4,-!($!)01%&'#0!%#402!
7&! /! 0(3(*/*(#$! ($! %/*/01-(-5! 7&%/4-&! #8! *+&! 8#'3/*(#$! #8! -(2&! ,'#24%*-! #'! *+&! %#3,&*(*(#$! *#!
CHO
O
O
CN
CN
catalyst-free
solvent, 80 ºC O
O
CN
NH2
toluene, 360 min, <15% yield
ethanol,  360 min, <15% yield
ethylene glycol, 90 min, 80% yield
water, 130 min, 71 % yield
glycerol, 60 min, 93% yield
!"#"$%&'(#)$*+,-)(*#'
'!
! "#!
!""#$%&'()*("*+)(',*!)&(#)-.*%&*(/'(*!'-)*%(*0)!'+)*(/)*1)2*"3*(/)*-4!!)--*"3*(/)*#)'!(%"&5*67/89:
;<)=8!"$=>?* !'(',2-)$* (/)* 3"#+'(%"&* "3* 0%!2!,"6@5@5A>"!()&"&)-* (/'&1-* ("* (/)* !""#$%&'(%B)*
0)/'B%"4#*"3*C,2!)#",*D/%!/*-('0%,%-)-*(/)*%&()#+)$%'()-*$4#%&C*(/)*!'(',2(%!*E#"!)--5*
!
!"#$%$&'()&7/:!'(',2-)$*F'4-"&:G/'&$*!'#0"!2!,%-'(%"&-*%&*&)'(*C,2!)#",5&
* 7)C'#$%&C* (/)* %++"0%,%-'(%"&* "3* +)(',* &'&"E'#(%!,)-.* D)* /'B)* #)E"#()$* (/)* -2&(/)-%-* "3*
D),,:$)3%&)$*!"EE)#8H=*"I%$)*&'&"E'#(%!,)-* 8J4?;KF-=
6@L>* !"'()$*02*E",28B%&2,E2##",%$"&)=* 8FMF=*
%&* C,2!)#",* 3"#* 'EE,%!'(%"&-* %&* $%33)#)&(* !'(',2(%!* (#'&-3"#+'(%"&-* -4!/* '-* JN/)()#"'("+* 0"&$*
3"#+'(%"&* E#"!)--)-.* O.@:$%E",'#* 'P%$)N',12&)* !2!,"'$$%(%"&-* '&$* ',-"* ('&$)+* E#"!)--)-*
%&B",B%&C* (/)-)* (D"* (#'&-3"#+'(%"&-5* J"&!)#&%&C* (/)* O.@:$%E",'#* 'P%$)N',12&)* !2!,"'$$%(%"&.* %(*
-/"4,$*0)*E"%&()$*"4(* (/'(.*$)-E%()* (/)* (#)+)&$"4-* %+E"#('&!)*"3* (/%-* (#'&-3"#+'(%"&.*D/%!/*
(#'&-!)&$-*(/)*!/)+%-(#2*!"++4&%(2.6@Q>*%(*/'-*&"(*0))&*$))E,2*%&B)-(%C'()$*%&*C,2!)#",*+)$%4+5*
R/%-* ("E%!.*D/%!/*D%,,* 0)* (/)* -40S)!(* "3* !/'E()#-* ?* '&$* @* "3* (/)* E#)-)&(* R/)-%-.* %-* '&',2-)$* %&*
-)!(%"&*O5?5*
* <"#)"B)#.* "4#* #)-)'#!/* C#"4E* /'-* $)-!#%0)$* (/)* -2&(/)-%-* '&$* !'(',2(%!* 'EE,%!'(%"&-* "3*
E',,'$%4+* &'&"E'#(%!,)-* 8F$KF-=* 4-%&C* @.@T.@TT:E/"-E/'&)(#%2,(#%-80)&P)&)-4,3"&%!* '!%$=*
(#%-"$%4+* -',(* 8RFFRU=.6?V.* @V>* O.@.W:(#%'P':Q:E/"-E/''$'+'&('&)* 8FRX=* $)#%B'(%B)-6@Y>* '&$*
!%&!/"&':0'-)$* ,%C'&$-* '-* -('0%,%-)#-56ZA>* [,2!)#",:-",40,)* $)#%B'(%B)-* '#)* 34&$'+)&(',* 3"#*
$)B),"E%&C* !'(',2(%!* -2-()+-* %&* C,2!)#",* +)$%4+* 0)!'4-)* (/)2* !'&* -)#B)* '-* KF-* -('0%,%-)#-.*
,%C'&$-* 3"#* "#C'&"+)(',,%!* !"+E,)I)-* "#* '-* "#C'&"!'(',2-(-5* \"!4-%&C* "4#* '(()&(%"&* "&* (/)*
/2$#"-",40,)*E/"-E/%&)*FRX.* (/%-* ("E%!*D%,,*0)* %&(#"$4!)$*'&$*$))E,2*)IE,'%&)$* %&* (/)* -)!(%"&*
O5@*"3*(/%-*!/'E()#*'&$*%&*(/)*!/'E()#*Z*"3*(/%-*R/)-%-5*
*
*
*
X
R1 R
1
R2
CO
[Rh(µ-OMe)(cod)]2
glycerol, !
X
R1R1
O
R2
X = O, NTs, C(COOEt)2
R1 = H, Me; R2 = H, OMe, NO2
up to 95% yield
!"#$%&'()(!
!"#!
!"#$%&'$()*+',(-./0'$1/1-2(++*3*20$4'(13*20$
! "#!$%&'(!)*+,-./!#%(#*012$3!4.5647.8!7,.!9*4:7!.;-<5/.!69!-!$('=8*56/-4!+>+/6-88*7*6#!4.-+7*6#!
?.7@..#! 5,.#>/! -A*8.! -#8! 8*.7,>/! -+.7>/.#.8*+-4?6;>/-7.0! B6@.C.4(! 7,*:! 5D?/*+-7*6#! 8*8! #67!
-774-+7!7,.!*#7.4.:7!69!7,.!:+*.#7*9*+!+6<<D#*7>!D#7*/!-5546;*<-7./>!EF!>.-4:!/-7.4(!@,.#!BD*:G.#!
&%(#*012H3!8..5/>!.;-<*#.8!7,*:!+/-::!69!4.-+7*6#:0!I,.!-/:6!+-//.8!BD*:G.#!$('=8*56/-4!+>+/6-88*7*6#!
69!64G-#*+!-A*8.:!-#8!-/J>#.:!*:!-!:/6@!546+.::(!@,*+,!4.KD*4.:!,*G,!7.<5.4-7D4.:!LM+,.<.!$0N?O0!
PD47,.4<64.(! *7! *:! #67! 4.G*6:./.+7*C.(! /.-8*#G! 76! -! <*;7D4.! 69! ?67,! $(2=! -#8! $(Q=8*:D?:7*7D7.8!
$(H('=74*-A6/.:0! R/7,6DG,! ST-??U! 9*4:7! 6?:.4C.8! -! +655.4=+-7-/>:.8! C.4:*6#! 69! 7,.! $('=8*56/-4!
+>+/6-88*7*6#! LVDRRVO! *#! $&%2(12'3! 7,.! *<5647-#+.! 69! 7,*:! 8*:+6C.4>! @-:! #67! ,*G,/*G,7.8! D#7*/!
HFFH!@,.#!).8-/!&%(#*01223!-#8!P6J*#!-#8!M,-45/.::!&%(#*0(12Q3! *#8.5.#8.#7/>(!4.5647.8!7,-7!VDL"O!
:5.+*.:!-:!+-7-/>:7:!-4.!-?/.! 76!-++./.4-7.! 7,.!546+.::!-#8!<-J.! *7! 9D//>! 4.G*6:./.+7*C.(! /.-8*#G!
.;+/D:*C./>! 76! $(2=8*:D?:7*7D7.8! $(H('=74*-A6/.:! LM+,.<.!$0N-O0! M*#+.! 7,.#(! 7,.! VDRRV!,-:! ?..#!
@*8./>!-55/*.8!8D.! 76! 7,.!.;5.4*<.#7-/! :*<5/*+*7>(! *7:! 46?D:7#.::!-#8! 7,.!,*G,!>*./8:!6?7-*#.8(!
?.*#G!+/-::*9*.8!-:!7,.!W+/*+JX!4.-+7*6#12N3!$#'(&+,&**&-,&012E3!Y#!7,.!67,.4!,-#8(!>.-4:!/-7.4(!P6J*#!
-#8! Z*-! &%( #*012%3! 8.C./65.8! 7,.! :./.+7*C.! -++.::! 76! 7,.! +6<5/.<.#7-4>! 4.G*6*:6<.4! LM+,.<.!
$0N+O0! I,.>! 4.5647.8! 7,-7! 7,.! D:.! 69! 1V5[\D3! +6<5/.;.:! -:! +-7-/>:7:! *#! 7,.! $('=8*56/-4!
+>+/6-88*7*6#!L\DRRVO!69!64G-#*+!-A*8.:!-#8!-/J>#.:!546C*8.8!$(Q=8*:D?:7*7D7.8!$(H('=74*-A6/.:!*#!
-!4.G*6:./.+7*C.!<-##.40!!
!
51&'6'$!"7!$('=]*56/-4!+>+/6-88*7*6#!4.-+7*6#!69!64G-#*+!-A*8.:!-#8!-/J>#.:^!-O!I,.4<-/!RRV^!?O!VDRRV^!+O!
\DRRV0!
! I,.!\DRRV!D:*#G!1V5[\D3!+6<5/.;.:!-:!+-7-/>:7:!+-#!-/:6!?.!-55/*.8!76!*#7.4#-/!-/J>#.:(!*#!
+6#74-:7! 76!VDRRV!@,*+,! *:!G.#.4-//>!-55/*.8!@*7,! 7.4<*#-/!-/J>#.:(!-#8! 7,*:! 9-+7! :D55647:! 7,.!
8*99.4.#7!<.+,-#*:7*+!5-7,@->!*#!+6<5-4*:6#!@*7,!VDRRV!L8.7-*/.8!*#!V,-57.4!'O0!_-:.8!6#!]PI!
+-/+D/-7*6#:(12%+(!2&3! 7,.!54656:.8!<.+,-#*:<! 964!\DRRV!D:*#G! 1V5[\D3! +6<5/.;.:! LM+,.<.!$0EO!
R1 N N N H(R3)
N
N N
R1 R2 N
N N
R1
R2
1 4 1
5
!
N
N N
R1 R21 4 N
N N
R1
R2
1
5
R2
H(R3)
H(R3)
H(R3)
"Cu"
1:1 regioisomeric mixture
1,4-disubstituted
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THF; H2 (3 bar): 70 ºC
with [PTA]/[M] = 0.8
Ru@PTA NPs
colloidal solution
 in THF
R R
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Ru@PTA NPs
H2 (10 bar), 293 K
60–100% conversion
1) purification
2) dissolution 
    in water
Ru@PTA NPs
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Chapter 2 !  
Metal-Free Intermolecular Azide–Alkyne 
Cycloaddition Promoted by Glycerol 
!
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N3
I Ph
CuI (5 mol%)
TTTA (5 mol%)
THF, 25 ºC, 2 h
N
N N
Ph
I
a) N
NN
N
N
N
N
N
N N
tBu tBu
tBu
TTTA
b) N3Me Ph
Me
HO
Me [RuClCp*(COD)] (2 mol%)
toluene, 25 ºC, 30 min
N
N N
Ph
Me
HO
Me
Me
93% yield
CF3
93% yield
c) N3 PhS nBu
[{Ir(COD)Cl}2] (2 mol%)
CH2Cl2, N2, rt
overnight
N
N N
nBu
SPh
> 95% yield
F3C
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Regioisomer ratio = 1:1
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R
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N
X
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R
Ph OH
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Ph X
R
N3
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12a, R = Me
13a, R = Ph8a, 80% conv.      8a/12a = 37:63
      maj-8a/min-8a = 93:7
9a, 100% conv.
       9a/13a = 40:60
       maj-9a/min-9a = 99:1
a) Under microwave dielectric heating
b) Under thermal conditions (oil bath)
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8a, 73% conv.
      8a/12a = 53:47
      maj-8a/min-8a = 93:7
9a, 100% conv.
      9a/13a = 27:73
      maj-9a/min-9a = 99:1
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CuCl (2.5 mol%)
a) no reaction
b)
glycerol, MW
100 ºC, 30 min
CuCl (2.5 mol%)
no reaction
c) N
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Me TMS BnN3
1,4-dioxane
100 ºC, 20 h% "
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31% yield
maj-8a/min-8a = 90:10
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& Synthetic Methods
Metal-Free Intermolecular Azide–Alkyne Cycloaddition Promoted
by Glycerol
Marta Rodr￿guez-Rodr￿guez,[a, b] Emmanuel Gras,[c] Miquel A. Peric￿s,*[b] and
Montserrat G￿mez*[a]
Abstract: Metal-free intermolecular Huisgen cycloadditions
using nonactivated internal alkynes have been successfully
performed in neat glycerol, both under thermal and micro-
wave dielectric heating. In sharp contrast, no reaction occurs
in other protic solvents, such as water, ethanol, or diols. DFT
calculations have shown that the BnN3/glycerol adduct pro-
motes a more important stabilization of the corresponding
LUMO than that produced in the analogous BnN3/alcohol
adducts, favoring the reactivity with the alkyne in the first
case. The presence of copper salts in the medium did not
change the reaction pathway (Cu(I) acts as spectator),
except for disubstituted silylalkynes, for which desilylation
takes place in contrast to the metal-free system.
Introduction
Azide–alkyne cycloadditions (AAC) represent a powerful tool
for the synthesis of 1,2,3-triazoles, valuable heterocycles in-
volved in diverse fields, such as biochemistry, organic synthe-
sis, or materials science.[1] Although this reaction was first re-
ported in 1893 by Michael[2] and in particular developed by
Huisgen in the 1960s,[3] it was not up to the beginning of the
21st century that the reaction found widespread practical in-
terest after overcoming kinetic and regioselective concerns by
transforming the thermally activated process into a catalytic re-
action, mainly by using copper-based systems.[1,4] Since then,
many catalytic systems have been described, also including
metals other than copper (such as Ag,[5] Ru,[6] Ir,[7] or Ni[8]),
which allow access to substituted-1,2,3-triazoles from organic
azides and alkynes. The use of internal alkynes leading to the
formation of 1,4,5-trisubstituted 1,2,3-triazoles generally re-
quires harsher conditions, and activated alkynes (either substi-
tuted by electron-withdrawing groups or strained).
For biological and pharmacological applications, metal-free
AAC methodologies (back to the origins) still remain attractive
approaches.[9] Bertozzi and co-workers first used the strained-
promoted strategy involving substituted cycloalkynes for bio-
conjugation purposes.[10] Another elegant method is through
intramolecular AAC reactions by taking advantage of the favor-
able entropy effects.[11] However, to the best of our knowledge,
intermolecular cycloadditions between organic azides and non-
activated internal alkynes under metal-free conditions remain
an important challenge to be solved.
In the last years, with the purpose of using ecofriendly sol-
vents, we have developed glycerol catalytic phases. They ex-
hibit appealing properties mainly regarding the immobilization
of the metal species, probably owing to the supramolecular ar-
rangement shown by glycerol.[12] In particular, Cu2O nanoparti-
cles prepared in neat glycerol led to the synthesis of 1,4-disub-
stituted-1,2,3-triazoles, permitting an easy recycling of the cat-
alytic phase.[13] With the assumption of glycerol having a nonin-
nocent role in this process, we decided to investigate the
metal-free AAC in glycerol for the synthesis of 1,4,5-trisubsti-
tuted 1,2,3-triazoles.
Results and Discussion
As a benchmark reaction, the intermolecular azide–alkyne cy-
cloaddition (AAC) between diphenylacetylene (1) and benzyl
azide (a) in neat glycerol under microwave dielectric heating
for 30 minutes was chosen, affording 1-benzyl-4,5-diphenyl-
1,2,3-triazole (1a ; Table 1).[14] The organic products were isolat-
ed by a biphasic liquid–liquid extraction after adding dichloro-
methane to the reaction mixture. The triazole 1a was exclu-
sively obtained in a high yield of 85% (Table 1, entry 1). With
the aim of investigating the effect of copper in this reaction,[15]
we carried out the synthesis in the presence of a copper salt
(2.5 mol% of CuCl), obtaining 1a in almost the same isolated
[a] M. Rodr￿guez-Rodr￿guez, Prof. M. G￿mez
Laboratoire H￿t￿rochimie Fondamentale et Appliqu￿e (LHFA)
Universit￿ de Toulouse, UPS and CNRS UMR 5069
118, route de Narbonne, 31062 Toulouse cedex 9 (France)
E-mail : gomez@chimie.ups-tlse.fr
[b] M. Rodr￿guez-Rodr￿guez, Prof. M. A. Peric￿s
Institute of Chemical Research of Catalonia (ICIQ)
The Barcelona Institute of Science and Technology
Avda. Paı¨sos Catalans, 16, 43007 Tarragona (Spain)
E-mail : mapericas@iciq.es
[c] Dr. E. Gras
Laboratoire de Chimie de Coordination (LCC)
Centre National de la Recherche Scientifique (CNRS)
205, route de Narbonne, 31077 Toulouse cedex 4 (France)
Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201503858.
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yield (Table 1, entry 2). This evidences the spectator role of
copper (see Table S1 in the Supporting Information).[16] A simi-
lar trend was observed under classical thermal-promoted con-
ditions (Table 1, entries 3 and 4), albeit in lower yields (<35%)
after 20 h. In the absence of glycerol (i.e. , under solvent-free
conditions), the product was obtained in only 18% yield
(Table 1, entry 5). No copper was detected by ICP-AES analysis
of neat glycerol (<3 ppm).
To better control the temperature (the reaction conditions
were set at a targeted temperature, controlled by an external
infrared temperature sensor),[17] we employed a MW instru-
ment combining both internal optical fiber and external infra-
red temperature sensors (Figure S1 in the Supporting Informa-
tion). We carried out the cycloaddition at different tempera-
tures (100, 140, and 180 8C, according to the internal optical
fiber sensor) and observed that the yield obtained at 180 8C
was comparable to that obtained working with the instrument
equipped only with an infrared sensor (Table S2 in the Sup-
porting Information). Under classical heating conditions (oil
bath), only 65% yield was achieved at 180 8C in the same reac-
tion time, which is consistent with a less efficient heat transfer.
Then, we decided to study the influence of the solvent
under metal-free conditions. Surprisingly, no reaction took
place when using other alcohol-based solvents, including etha-
nol and diols, such as ethylene glycol, propane-1,2-diol, and
propane-1,3-diol (Table 1, entry 6). Water gave a very low con-
version of benzyl azide of 13% (Table 1, entry 7). Aprotic polar
solvents, such as 1,4-dioxane and fluorobenzene, also disfa-
vored the cycloaddition (Table 1, entries 8 and 9). The varying
reactivity observed by using different protic solvents can be
explained by the solvent interaction with an external electric
field. Alcohols, in particular polyols, form extensive hydrogen
bonds, which in turn correlate with long relaxation times (the
time taken to achieve the random state after being submitted
to an external electric field).[18] Therefore, water (9.2 ps), etha-
nol (170 s), ethylene glycol (170 ps), or propane-1,3-diol
(340 ps) exhibit shorter relaxation times than glycerol
(1,215 ps), making it more relevant than other protic solvents
for synthetic purposes under microwave conditions, as illustrat-
ed here for the AAC reaction.
Under thermal conditions (Table S3 in the Supporting Infor-
mation), the reactivity in the different solvents follows the
same trend, except for ethylene glycol and water for which 1a
was obtained in 25 and 31% yield, respectively (33% yield in
glycerol ; Table 1, entry 3), after 20 h at 100 8C. This clearly con-
trasts with the lack of reactivity observed under microwave
heating (Table 1, entries 6 and 7), despite the high internal
temperature achieved under MW activation (see above).
With these results in hand, we decided to study the scope
of the process by using other internal alkynes (Table 2). For the
symmetrical disubstituted alkynes 2–5 (Table 2, entries 1–4),
moderate to high yields were obtained (32–90%). No transes-
terification reaction between the alkyne 2 or the triazole 2a
and glycerol was observed, in contrast to the reaction in etha-
nol (see Tables S4 and S5 in the Supporting Information). It is
important to note that the nonactivated 4-octyne reacted with
BnN3 to give 1-benzyl-4,5-dipropyl-1,2,3-triazole 5a in 71% iso-
lated yield (after 1 h under microwave irradiation; Table 2,
entry 4).
Unsymmetrically substituted alkynes 6 and 7 led to an
almost equimolar mixture of both regioisomers (Table 2, en-
tries 5 and 6). In view of synthetic applications and to explore
the role of the silyl group as a directing group during the cy-
cloaddition,[19] we carried out the synthesis of triazoles 8–10
from the corresponding alkynes containing silyl-based groups,
such as SiMe3 (alkynes 8 and 9 ; Table 2, entries 7 and 8) and
Si(tBu)Me2 (10 ; Table 2, entry 9). As expected, the 4-silyl-substi-
tuted heterocycle was obtained as the major regioisomer[20]
and as the sole product for the bulky tert-butyldimethylsilyl
(TBDMS) derivative (Table 2, entry 9).
Phenyl (b) and n-octyl (c) azides also gave the expected tria-
zoles; conversions and yields were lower than those obtained
when using benzyl azide (Figure 1).[21] In contrast to benzyl
and n-octyl azides, PhN3 tends to decompose under the reac-
tion conditions employed.[22]
We studied the effect of Cu(I) in the synthesis of silyl-based
triazoles 8a–10a. For the synthesis of 10a, bearing a TBDMS
group, the reactivity was similar to the one observed in the ab-
sence of Cu(I). However, for the TMS-substituted ones (8a, 9a),
a mixture of two triazoles was obtained: the expected 8a or
9a and the desilylated 1-benzyl-4R-1,2,3-triazole (R=Me (11a),
Ph (12a)), which was obtained as a single regioisomer
(Scheme 1). Under the classical thermal conditions, the same
behavior was observed (Scheme S1 in the Supporting Informa-
tion).
Table 1. Azide–alkyne cycloaddition of diphenylacetylene and benzyl
azide in neat glycerol.[a]
Entry Solvent Conversion [%][b][c] Isolated yield [%][d]
1 glycerol 85 85 (85)
2[e] glycerol 86 82 (80)
3[f] glycerol 37 33 (33)
4[e][f] glycerol 42 28 (27)
5 – 20 18[g]
6[h] protic solvent n.r. –
7 H2O 13 n.d.
8 1,4-dioxane n.r. –
9 fluorobenzene n.r. –
[a] Results from duplicate experiments. Reaction conditions: benzyl azide
(0.4 mmol) and diphenylacetylene (0.6 mmol) in solvent (1 mL) under mi-
crowaves activation (250 W) at 100 8C for 30 minutes (temperature con-
trolled by external infrared sensor). [b] Based on benzyl azide. [c] Deter-
mined by 1H NMR spectroscopy using 2-methoxynaphthalene as an inter-
nal standard. [d] In brackets: yields determined by 1H NMR spectroscopy
using 2-methoxynaphthalene as an internal standard. [e] In the presence
of 2.5 mol% of CuCl. [f] Reaction in a sealed tube under thermal activa-
tion at 100 8C for 20 h. [g] Determined by 1H NMR spectroscopy using 2-
methoxynaphthalene as an internal standard. [h] Results obtained with
the following alcohols as solvents: ethanol, ethylene glycol, propane-1,2-
diol, and propane-1,3-diol.
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Control experiments proved that the desilylation neither
took place on the alkyne 8 or 9 nor on the triazole 8a or 9a
(Scheme S2 in the Supporting Information). In addition, when
the AAC reaction was carried out in dioxane, no corresponding
desilylation occurred. Monitoring the reaction by GC-MS dem-
onstrated that the formation of 9a is faster than that corre-
sponding to 12a (after 5 min, the ratio 9a/12a was approxi-
mately 3.4:1; after 15 min, the ratio was approximately 1.2:1,
with full conversion of BnN3). Once BnN3 was consumed com-
pletely, desilylation of the alkyne 9 could be observed (Fig-
ure S4 in the Supporting Information). These facts led us to
propose that the desilylation giving 12a (and 11a) occurs
upon coordination of the alkyne to copper (intermediate I in
Scheme 2), which is promoted by glycerol that is undoubtedly
close to the coordination sphere owing to its interaction with
BnN3 through hydrogen bonds (see below). Intermediate II
then evolves to give the favored regioisomer 1-benzyl-4R-1,2,3-
triazole, according to the accepted Cu-catalyzed mecha-
nisms.[4b,23] The formation of the corresponding silyl derivative
of glycerol was proven by NMR spectroscopy (see Figures S5
and S6 in the Supporting Information).[24] Alkyne 10 did not
give the corresponding desilylated triazole, probably as a con-
sequence of the steric hindrance triggered by the TBDMS
group around the metal center.
To rationalize the effect of glycerol in AAC reactions, we
studied the interaction of glycerol with benzyl azide by theo-
retical calculations (DFT B3LYP, 6-31G*), taking into account the
ability of glycerol to form hydrogen bonds.[25,26] For compara-
tive purposes, we also analyzed this effect with ethanol and
several diols (ethylene glycol, 1,2-, and 1,3-propanediol). The
resulting BnN3/alcohol adducts increase the dipolar character
of BnN3 in relation to neat benzyl azide (see calculated charges
Table 2. Azide–alkyne cycloaddition of internal alkynes and benzyl azide
in neat glycerol.[a]
Entry Alkyne Product Conv. Yield
(R, R’) [%][b][c] [%][c]
1[d]
2
(CO2Me)
100 78
2
3
(CH2OMe)
96 90
3
4
(CH2OH)
56 32
4[e]
5
(Pr)
73 71
5
6
(Ph, CO2Me)
91 83[f]
6
7
(Ph, Me)
49 49[f]
7
8
(Me, TMS)
65 62 (9:1)[g]
8
9
(Ph, TMS)
92 85 (9:1)[g]
9
10
(Ph, TBDMS)
85 84[h]
[a] Results from duplicate experiments. Reaction conditions: benzyl azide
(0.4 mmol) and the corresponding alkyne (0.6 mmol) in solvent (1 mL)
under microwaves activation (250 W) at 100 8C for 30 min (temperature
controlled by external infrared sensor). [b] Based on benzyl azide. [c] De-
termined by 1H NMR spectroscopy using 2-methoxynaphthalene as an in-
ternal standard. [d] Reaction time: 15 min. [e] Reaction time: 60 min.
[f] Regioisomer ratio: 1:1. [g] In brackets: regioisomer ratio (major isomer:
1-benzyl-4-trimethylsilyl-5R-1,2,3-triazole (for R=Me: maj-8a ; for R=Ph:
maj-9a) ; minor isomer: 1-benzyl-5-trimethylsilyl-4R-1,2,3-triazole (for R=
Me: min-8a ; for R=Ph: min-9a). [h] Only one isomer was obtained (1-
benzyl-4-tert-butyldimethylsilyl-5-phenyl-1,2,3-triazole) ; see ref. [20] .
Figure 1. 1,4,5-Trisubstituted 1,2,3-triazoles from phenyl (1b) and n-octyl
azides (1c, 5c, 9c). Isolated yields are given (conversions are given in brack-
ets).
Scheme 1. Reactivity of silyl-based alkynes in the presence of CuCl under mi-
crowave activation. Data from NMR analysis.
Scheme 2. Plausible Cu-mediated desilylation of SiMe3-based alkynes pro-
moted by glycerol.
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in Figure S7 in the Supporting Information). It is important to
note that in the case of polyols (ethylene glycol, 1,2-propane-
diol, and glycerol) the intramolecular hydrogen bonds trigger
an additional stabilization of the corresponding BnN3/alcohol
adduct (see Figure S8 in the Supporting Information). The anal-
ysis of the relative energies of frontier orbitals for the different
BnN3/alcohol adducts (see Figure S9 in the Supporting Infor-
mation) showed that the BnN3/glycerol LUMO, which overlaps
with the dipolarophile HOMO (diphenylacetylene was chosen
for the calculations), is more stable than the ones obtained for
the other adducts (see Table S6 in the Supporting Information).
In consequence, the reactivity should be enhanced, as ob-
served in this work for a range of alkynes.
Conclusion
We have shown that glycerol acts as a noninnocent solvent for
metal-free azide–alkyne cycloadditions, promoting the reaction
between internal alkynes and organic azides in contrast to
other protic solvents, both under classical and dielectric heat-
ing. Moreover, the reactivity in glycerol was particularly en-
hanced by microwave heating, probably owing to the long re-
laxation time of glycerol in comparison with other protic sol-
vents, which is related to its supramolecular arrangement
through intermolecular hydrogen bonds. At a molecular level,
analysis of the frontier orbitals for the BnN3/glycerol adduct
pointed to a higher stabilization of the corresponding LUMO
than that for comparable adducts involving ethanol and diols.
This trend justifies the increase of the reaction rate according
to a concerted pathway for the metal-free cycloaddition.
These results permit us to envisage the formation of fully
substituted 1,2,3-triazoles by using a metal-free methodology,
which is particularly interesting for the synthesis of drugs and
natural products.
Experimental Section
General
All manipulations were performed by using standard Schlenk tech-
niques under argon atmosphere. Unless stated otherwise, commer-
cially available compounds were used without further purification.
Glycerol was treated under vacuum at 80 8C overnight prior to use.
NMR spectra were recorded on Bruker Avance 300, 400, and 500
spectrometers at 293 K. GC analyses were carried out on an Agilent
GC6890 with a flame ionization detector using a SGE BPX5 column
composed of 5% of phenylmethylsiloxane. Reactions under micro-
wave activation were carried out on single-mode microwave CEM
Explorer SP 48, 2.45 GHz, Max Power 300 W Synthesis System, CEM
Focused MicrowaveTM Synthesis System Model Discover, and
Anton Paar Monowave 300 instruments. Theoretical studies were
carried out by using the following software: SPARTAN’14 for Win-
dows and Linux, Wavefunction, InC. 18401 Von Karmaan Avenue,
suite 307, Irvine, CA 92612, USA. Calculations were carried out with
Density Functional B3LYP by using the basis set 6-31G*.
General AAC procedure in glycerol under microwave activa-
tion
A sealed tube equipped with a stirring bar was successively
charged with the corresponding alkyne (0.6 mmol) and glycerol
(1 mL); the mixture was stirred at room temperature for 5 min.
Benzyl azide (0.4 mmol, 53.2 mg) was then added and the sealed
tube was placed into the microwave reactor (100 8C, 250 W) for
30 min (or the appropriate time). It is important to note that at
room temperature the reaction mixture gave a kind of emulsion
but that at 100 8C a homogeneous solution was obtained (i.e. , re-
agents and products were soluble in glycerol).[27] The organic prod-
ucts were extracted with dichloromethane (6￿2 mL). The com-
bined chlorinated organic layers were filtered through a Celite pad
and the resulting filtrate was concentrated under reduced pres-
sure. The products were purified by chromatography (silica short
column, eluent: cyclohexane/ethyl acetate 1:1) to determine the
isolated yields of the corresponding triazoles.
Compound maj-8a : Yellow oil ; IR (neat): n˜=1606, 1497, 1416,
1248 cm￿1; 1H NMR (500 MHz, CDCl3): d=0.35 (s, 9H), 2.22 (s, 3H),
5.51 (s, 2H), 7.15–7.20 (m, 2H), 7.27–7.39 ppm (m, 3H); 13C{1H} NMR
(125 MHz, CDCl3): d=￿0.9, 9.3, 51.2, 127.2, 128.1, 128.9, 135.1,
138.1, 143.8 ppm; HRMS (ESI+): m/z [M+H]+ calcd for C13H20N3Si :
246.1412; found: 246.1421; elemental analysis calcd (%) for
C13H19N3Si: C 63.63, H 7.80, N 17.11; found: C 63.22, H 7.88, N
16.94.
Compound 10a : Yellow oil ; IR (neat): n˜=1606, 1497, 1456, 1249
cm￿1; 1H NMR (500 MHz, CDCl3): d=0.05 (s, 6H), 0.90 (s, 9H), 5.35
(s, 2H), 6.94–7.00 (m, 2H), 7.05–7.10 (m, 2H), 7.21–7.28 (m, 3H),
7.35–7.40 (m, 2H), 7.43–7.48 (m, 1H) ppm; 13C{1H} NMR (125 MHz,
CDCl3) d=5.3, 26.6, 51.4, 127.6, 127.9, 128.2, 128.5, 128.8, 129.3,
130.4, 135.6, 142.8, 144.1, 173.4 ppm; HRMS (ESI+): m/z [M+H]+
calcd for C21H28N3Si: 350.2050; found: 350.2047; elemental analysis
calcd (%) for C21H27N3Si : C 72.16, H 7.79, N 12.02; found: C 72.24, H
8.27, N 11.87.
Compound 5c : Yellow oil ; IR (neat): n˜=1611, 1570, 1544,
1247 cm￿1; 1H NMR (500 MHz, CDCl3): d=0.89 (t, J=7.0 Hz, 3H),
0.98 (t, J=7.4 Hz, 3H), 0.98 (t, J=7.4 Hz, 3H), 1.20–1.40 (m, 10H),
1.53–1.62 (m, 2H), 1.68–1.77 (m, 2H), 1.83–1.96 (m, 2H), 2.55–2.61
(m, 4H), 4.16–4.20 (m, 2H) ppm; 13C{1H} NMR (125 MHz, CDCl3): d=
13.85, 13.98, 14.05, 22.58, 22.60, 22.94, 24.49, 26.69, 27.23, 29.06,
29.70, 30.35, 31.71, 47.89, 132.44, 144.71 ppm; HRMS (ESI+): m/z
[M+H]+ calcd for C16H32N3: 266.2591; found: 266.2594; elemental
analysis calcd (%) for C16H31N3: C 72.40, H 11.77, N 15.83; found: C
72.13, H 12.28, N 15.53.
Acknowledgements
Financial support from the Centre National de la Recherche
Scientifique (CNRS), the Universit￿ de Toulouse 3 – Paul Sabati-
er, and MINECO (grant CTQ2012-38594-C02-01) are gratefully
acknowledged. The authors thank Pierre Lavedan and St￿-
phane Massou for NMR discussions and DOSY experiments.
M.R. thanks the CNRS for a PhD grant.
Keywords: azide–alkyne cycloaddition · density functional
calculations · glycerol · metal-free reactions · microwave
activation
[1] For some selected recent reviews, see: a) R. Berg, B. F. Straub, Beilstein J.
Org. Chem. 2013, 9, 2715–2750; b) N. V. Sokolova, V. G. Nenajdenko,
Chem. Eur. J. 2015, 21, 18706 – 18710 www.chemeurj.org ￿ 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim18709
Full Paper
!"#$%&'())!!
!"#!
!
!
RSC Adv. 2013, 3, 16212–16242; c) P. Thirumurugan, D. Matosiuk, K. Joz-
wiak, Chem. Rev. 2013, 113, 4905–4979; d) P. L. Golas, K. Matyjaszewski,
Chem. Soc. Rev. 2010, 39, 1338–1354; e) P. Wu, V. V. Fokin, Aldrichimica
Acta 2007, 40, 7 –17; f) C. G. S. Lima, A. Ali, S. van Berkel, B. Wester-
mann, M. W. Paix¼o, Chem. Commun 2015, 51, 10784–10796.
[2] A. Michael, J. Prakt. Chem. 1893, 48, 94–95.
[3] a) R. Huisgen, Angew. Chem. Int. Ed. Engl. 1963, 2, 565–598; Angew.
Chem. 1963, 75, 604–637; b) R. Huisgen, Angew. Chem. Int. Ed. Engl.
1963, 2, 633–645; Angew. Chem. 1963, 75, 742–754.
[4] For the first Cu-catalyzed works, see: a) C. W. Tornoe, C. Christensen, M.
Meldal, J. Org. Chem. 2002, 67, 3057–3064; b) V. V. Rostovtsev, L. G.
Green, V. V. Fokin, K. B. Sharpless, Angew. Chem. Int. Ed. 2002, 41, 2596–
2599; Angew. Chem. 2002, 114, 2708–2711.
[5] J. McNulty, K. Keskar, R. Vemula, Environ. Chem. Chem. Eur. J. 2011, 17,
14727–14730.
[6] For the first report on Ru-catalyzed AAC reactions, see: a) L. Zhang, X.
Chen, P. Xue, H. H. Y. Sun, I. D. Williams, K. B. Sharpless, V. V. Fokin, G. Jia,
J. Am. Chem. Soc. 2005, 127, 15998–15999; for a selected recent
review, see: b) Y. Yamamoto, Heterocycles 2013, 87, 2459–2493.
[7] a) E. Rasolofonjatovo, S. Theeramunkong, A. Bouriaud, S. Kolodych, M.
Chaumontet, F. Taran, Org. Lett. 2013, 15, 4698–4701; b) S. Ding, G. Jia,
J. Sun, Angew. Chem. Int. Ed. 2014, 53, 1877–1880; Angew. Chem. 2014,
126, 1908–1911.
[8] H. S. P. Rao, G. Chakibanda, RSC Adv. 2014, 4, 46040–46048.
[9] J. M. Baskin, C. R. Bertozzi, Aldrichimica Acta 2010, 43, 15–23.
[10] For a selected work, see: J. M. Baskin, J. A. Prescher, S. T. Laughlin, N. J.
Agard, P. V. Chang, I. A. Miller, A. Lo, J. A. Codelli, C. R. Bertozzi, Proc.
Natl. Acad. Sci. USA 2007, 104, 16793–16797.
[11] For some representative examples, see: a) M. Sau, C. Rodr￿guez-Escrich,
M. A. Peric￿s, Org. Lett. 2011, 13, 5044–5047; b) R. A. Brawn, M. Welzel,
J. T. Lowe, J. S. Panek, Org. Lett. 2010, 12, 336–339; c) V. Declerck, L.
Toupet, J. Martinez, F. Lamaty, J. Org. Chem. 2009, 74, 2004–2007;
d) A. I. Oliva, U. Christmann, D. Font, F. Cuevas, P. Ballester, H. Busch-
mann, A. Torrens, S. Yenes, M. A. Peric￿s, Org. Lett. 2008, 10, 1617–1619.
[12] a) F. Chahdoura, S. Mallet-Ladeira, M. G￿mez, Org. Chem. Front. 2015, 2,
312–318; b) F. Chahdoura, I. Favier, C. Pradel, S. Mallet-Ladeira, M.
G￿mez, Catal. Commun. 2015, 63, 47–51; c) F. Chahdoura, I. Favier, M.
G￿mez, Chem. Eur. J. 2014, 20, 10884–10893; d) F. Chahdoura, C.
Pradel, M. G￿mez, Adv. Synth. Catal. 2013, 355, 3648–3660.
[13] F. Chahdoura, C. Pradel, M. G￿mez, ChemCatChem 2014, 6, 2929–2936.
[14] For a selected contribution on the microwave-assisted synthesis in glyc-
erol, see: W.-J. Zhou, X.-Z. Zhang, X.-B. Sun, B. Wang, J.-X. Wang, L. Bai,
Russ. Chem. Bull. Int. Ed. 2013, 62, 1244–1247.
[15] For the Cu-catalyzed synthesis of 1-benzyl-4,5-diphenyl-1,2,3-triazole by
using preformed well-defined complexes (15a : 72% yield after 48 h at
80 8C; 15b : 68% yield after 12 h at 120 8C in DMF) and heterogeneous
catalyst (15c : 54% yield after 24 h at 80 8C), see: a) S. Hohloch, D.
Scheiffele, B. Sarkar, Eur. J. Inorg. Chem. 2013, 3956–3965; b) B.-H. Lee,
C.-C. Wu, X. Fang, C. W. Liu, J.-L. Zhu, Catal. Lett. 2013, 143, 572–577;
c) P. Li, L. Wang, Y. Zhang, Tetrahedron 2008, 64, 10825–10830.
[16] We tested different Cu(I) salts that gave similar results under the same
catalytic conditions (see Table S1 in the Supplementary Information).
[17] a) M. A. Herrero, J. M. Kremsner, C. O. Kappe, J. Org. Chem. 2008, 73,
36–47; b) D. Obermayer, C. O. Kappe, Org. Biomol. Chem. 2010, 8, 114–
121.
[18] C. Gabriel, S. Gabriel, E. H. Grant, B. S. J. Halstead, D. M. P. Mingos, Chem.
Soc. Rev. 1998, 27, 213–223.
[19] For selected contributions, see: a) L. Li, T. Shang, X. Ma, H. Guo, A. Zhu,
G. Zhang, Synlett 2015, 695–699; b) S. J. Coats, J. S. Link, D. Gauthier,
D. J. Hlasta, Org. Lett. 2005, 7, 1469–1472; c) D. J. Hlasta, J. H. Acker-
man, J. Org. Chem. 1994, 59, 6184–6189; d) A. Padwa, M. W. Wanna-
maker, Tetrahedron 1990, 46, 1145–1162.
[20] For 8a, the assignment of both regioisomers was carried out by NOESY
NMR correlations (see Figure S2 in the Supporting Information). For 9a
and 10a, desilylation reactions with tetrabutylammonium fluoride
(TBAF) were carried out to unambiguously determine the major isomer
(see Figure S3 in the Supporting Information).
[21] Reaction conditions: azide (0.4 mmol) and the corresponding alkyne
(0.6 mmol) in solvent (1 mL) under microwave activation (250 W) at
100 8C for 1 h (1c), 2 h (5c), or 30 min (9c). For 1b, similar conditions
were used but with applying a power of 150 W for 1 h. Reactions in-
volving PhN3 were protected from light.
[22] 70 and 56% of PhN3 were recovered from a glycerol solution of PhN3
after 30 min under MW activation at 150 and 250 W, respectively. Under
classical heating, 95% of PhN3 was recovered after 20 h at 100 8C.
[23] B. T. Worrell, J. A. Malik, V. V. Fokin, Science 2013, 340, 457–460.
[24] A control experiment between glycerol and TMSCl was carried out to
identify the major concomitant silylglycerol derivative observed (see Ex-
perimental part of the Supporting Information, Scheme S3 and Figures
S5 and S6).
[25] T. Kusukawa, G. Niwa, T. Sasaki, R. Oosawa, W. Himeno, M. Kato, Bull.
Chem. Soc. Jpn. 2013, 86, 351–353.
[26] DOSY NMR experiments were inconclusive on the effect of different sol-
vents on the interaction with reagents involved in azide–alkyne cyclo-
additions (see Table S7 in the Supporting Information).
[27] When using other solvents instead of glycerol (water, ethanol, ethylene
glycol, propane-1,2-diol, propane-1,3-diol, dioxane, fluorobenzene), the
reagents and products were soluble, even at room temperature for eth-
anol, dioxane and fluorobenzene.
Received: September 25, 2015
Published online on November 6, 2015
Chem. Eur. J. 2015, 21, 18706 – 18710 www.chemeurj.org ￿ 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim18710
Full Paper
!!!!!!!!!!!!!!!!!!!!!!
Chapter 3 !  
Key Non-Metal Ingredients for Cu-Catalysed 
Azide–Alkyne Cycloaddition in Glycerol 
!
!"#$%&'()"*+,$-'./"01"'*2$3&/$45(6+*+,#2"0$7810"97,:#'"$4#6,&+001*1&'$1'$;,#6"/&,$!
! "#!
!"#$%&'()*(+&,(-./01&%#2(3/4'&56&/%7(8.'(!90!#%#2,7&5(:;65&<
:2=,/&(!,>2.#556%6./(6/(42,>&'.2*(
)*?(3/%'.59>%6./(
( !"#$%& '(%&)*+,& *-& !(.+/0%11& .#2& 3*,"#& "*$ +,<456& .#2&7%2.0& "*$ +,<486& "#& 8998:& '(%& $*//%+&
$.'.0;1%2&.<"2%=.0,;#%&$;$0*.22"'"*#&>?@AA?B&(.1&C%%#&$*#1"2%+%2&'(%&D*1'&@1%-@0&/+*$%2@+%&'*&
/+%/.+%:&"#&.&+%E"*1%0%$'"F%&D.##%+:&5:G=2"1@C1'"'@'%2&5:8:H='+".<*0%1I&J(%&D*+%&'(.#&K:999&$"'"#E&
+%-%+%#$%1&*-&'(%&)*+,&*-&!(.+/0%11&.#2&3*,"#&.#2&'(%&$.I&G:L99&$"'"#E&+%-%+%#$%1&*-&'(%&7%2.0M1&
)*+,& .+%& .#& *F%+)(%0D"#E& /+**-& *-& '("1& 1@$$%11-@0& /+*$%2@+%:4H6& )("$(& (.1& C%%#& )"2%0;&
"#F%1'"E.'%2&.#2&.//0"%2I4G6&
?@AA?& "1&.01*&)%00&,#*)#&.1& '(%&N?0"$,& +%.$'"*#O&C%$.@1%& '("1& '+.#1-*+D.'"*#& "1&*#%&*-&
'(%& D*1'& "D/*+'.#'& %P.D/0%1& '(.'& -@0-"01& '(%& +%Q@"+%D%#'1& *-& '(%& $*#$%/'& 4,16:$ 4=">12*/#:4L6&
2%-"#%2&C;&!(.+/0%11&"*$+,<&"#&8995I&R'&'*0%+.'%1&.&)"2%&+.#E%&*-&-@#$'"*#.0&E+*@/1&1(*)"#E&.&0.+E%&
1$*/%& $*#$%+#"#E& C*'(& .0,;#%& .#2& .<"2%& +%.$'.#'1I& 3@+'(%+D*+%:& '("1& '+.#1-*+D.'"*#& $.#& C%&
$.++"%2&*@'&"#&.&$*#1"2%+.C0%&F.+"%';&*-&1*0F%#'1I&J(%&+%.$'"*#&'*0%+.'%1&.&)"2%&+.#E%&*-&/S&F.0@%1&
.#2& "'& $.#&C%&/%+-*+D%2&*F%+& .& C+*.2& '%D/%+.'@+%& +.#E%I& R#& .22"'"*#:& .<"2%1& .#2& .0,;#%1& .+%&
Q@"'%& 1'.C0%& 1@C1'+.'%1:& )("$(& /%+D"'& '*& )*+,& @#2%+& 2"--%+%#'& $*#2"'"*#1T& "#& '(%& /+%1%#$%& *-&
*P;E%#&.#2&).'%+:&.#2&.01*&.'&("E(&'%D/%+.'@+%1I&
U%1/"'%& '(%&.//.+%#'& 1"D/0"$"';&*-& '("1& +%.$'"*#:& '(%&D%$(.#"1D& "1& 1'"00&@#2%+&2%C.'%& "#&
'(%&1$"%#'"-"$&$*DD@#"';I4K6&J(%&F.1'&.++.;&*-&$*#2"'"*#1&"#&)("$(&'(%&?@AA?&$.#&/+*$%%2&D.,%&
'(%&D%$(.#"1D&*-&'("1&+%.$'"*#&2"--"$@0'&'*&C%&@#"Q@%0;&%1'.C0"1(%2I&&J(%&-"+1'&/*1'@0.'%2&1'%/)"1%&
D%$(.#"1D45:&V6&>!$(%D%&HI5B&C%E"#1&)"'(&'(%&-*+D.'"*#&*-&'(%&$*++%1/*#2"#E&$*//%+>RB=.$%';0"2%&
>"#'%+D%2".'%& 3B&C;&.& 1"D/0%&.$"2=C.1%& +%.$'"*#&C%')%%#& '(%& '%+D"#.0&.0,;#%&.#2& '(%&$*//%+>RB&
1/%$"%1&>1'%/&ABI&A-'%+&'(.':&'(%&-*+D%2&$*//%+=.$%';0"2%&"#'%+.$'1&)"'(&'(%&*+E.#"$&.<"2%&>1'%/&WB&
C;& $**+2"#.'"*#& *-& $*//%+& '*& '(%&!& #"'+*E%#& *-& '(%& .<"2%& >"#'%+D%2".'%& 33BI& A'& '("1& /*"#':& .#&
"#'+.D*0%$@0.+&*P"2.'"F%&"#1%+'"*#&C%')%%#&'(%&.<"2%&.#2&'(%&.0,;#%&'.,%1&/0.$%&>1'%/&?B:&0%.2"#E&
'*& .& 1"P=D%DC%+%2&?@>RRRB&D%'.00.$;$0%& >"#'%+D%2".'%& 333BI& A& +"#E& +%2@$'"F%& $*#'+.$'"*#& >1'%/&UB&
E%#%+.'%1& '(%& $*++%1/*#2"#E& $*//%+>RB='+".<*0"2%& >"#'%+D%2".'%& 3@B& )("$(:& .-'%+& .& -"#.0&
/+*'*#.'"*#& >1'%/& XB:& 0%.21& '*& '(%& +%.$'"*#& /+*2@$':& '(%& 5:G=2"1@C1'"'@'%2& 5:8:H='+".<*0%& .#2& '*&
'(%&?@>RB&.$'"F%&1/%$"%1I&
!"#$%&'()))(!
!""!
!
!"#$%$&'()!"#$%&!'$('(%)*!+),-./#%+!0($!123314!!
! 5/!.!6.&)$!7($89!"(8#/9!"#//!&%(#*+:;<!*)&)$+#/)*!=>!8#/)&#,!%&2*#)%!&-)!$).,&#(/!$.&)!&(!=)!
%),(/*!($*)$!#/!,('')$9!7-#,-!+)./%!&-)!$)?2#$)+)/&!(0! #/&)$+)*#.&)%!,(/&.#/#/@!&7(!,('')$!
.&(+%4! A#/,)! &-)/9! +),-./#%&#,! %&2*#)%! %&.$&)*! 0(,2%#/@! (/! )B'6.#/#/@! &-)! 0($+.&#(/! (0!
#/&)$+)*#.&)!***!CA,-)+)!D4EF9!7-#,-!$)?2#$)%!.!-#@-!.,&#G.&#(/!)/)$@>!=),.2%)!(0!&-)!$#/@!%&$.#/4!
H-)! #/&$(*2,&#(/!(0! ./(&-)$! ,('')$! #(/!7.%! %2@@)%&)*! #/!($*)$! &(!'$)G)/&! &-)! 0($+.&#(/!(0! .!
%&$.#/)*!+)&.66.,>,6)9!*),$).%#/@!#/!,(/%)?2)/,)!&-)!.,&#G.&#(/!=.$$#)$4:I<!J'!&(!*.&)9!&-)$)!.$)!
+./>!)G#*)/,)%!(0! &-)!'.$&#,#'.&#(/!(0! &7(!,('')$C5F!.&(+%! #/! &-)!$.&)K*)&)$+#/@!%&)'4:EL<!H-)!
.,,)'&)*! ,2$$)/&! '.&-7.>! CA,-)+)! D4MF! =)@#/%! 7#&-! &-)! 0($+.&#(/! C%&)'%! 3! ./*! NF! (0! .!!9"K
*#C,('')$C5FF! .,)&>6#*)! C#/&)$+)*#.&)!+*F4! H-)!"K=(2/*! )/$#,-)*! ,('')$! .&(+! ,(($*#/.&)*! &-)!
.O#*)!C%&)'!1F9!6).*#/@!&(!&-)!,(+'6)B!+**4!H-)!/2,6)('-#6#,!.&&.,8!.&!&-) #!/#&$(@)/!(0!&-)!.O#*)!
=>!&-)!$!,.$=(/!(0!&-)!.,)&>6#*)!C%&)'!PF!@#G)%!&-)!%&$.#/)*!C&-$))!02%)*!,>,6)%F!+)&.66.,>,6)!+***!
#/!7-#,-!(/)!,('')$C5F!-.%!=))/!(B#*#%)*! &(! ,('')$C555F! C#/!)?2#6#=$#2+!7#&-! &-)! ,($$)%'(/*#/@!
12C55F!*#/2,6).$!,($)F4!30&)$!.!$#/@!,6(%2$)9!&-)!,('')$C5F!&$#.O(6#*)!C*,F!#%!(=&.#/)*!7-#,-!.0&)$!.!!
%2=%)?2)/&!'$(&(/.&#(/!6).*%!&(!&-)!0#/.6!'$(*2,&!./*!&-)!12C5F!,.&.6>&#,!%'),#)%4!3+(/@!.66!&-)!
%&$2,&2$)%!'$)%)/&!#/!&-)!+),-./#%+9!(/6>!&-)!!9"K*#C,('')$F!.,)&>6#*)!C+*F:EL,<!./*!&-)!,('')$C5F!
&$#.O(6#*)!C*,F:EE<!-.G)!=))/!0266>!,-.$.,&)$#O)*4!5/&)$+)*#.&)!+**!-.%!(/6>!=))/!*)&),&)*!2%#/@!.!
+.%%! %'),&$(+)&$#,!+)&-(*4:EL=<! J%#/@! .! ,('')$! #%(&(')! 6.=)66#/@! )B')$#+)/&9:EL.<! #&!7.%! 0(2/*!
&-.&! #/! &-)! '$('(%)*! +)&.66.,>,6)! C+***F! (,,2$%! .! $.'#*! #/&)$/.6! $).$$./@)+)/&! )?2#6#=$#2+!
#/G(6G#/@!&-)!&7(!,('')$!,)/&$)%4!
CuI
R1 H
H
R1 CuI
I
A
N N N R2
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N
N R2
R1
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C
N
N
N
R1
R2
CuI
IV
D
N
N
N
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R2
EH
CuSO4!5H2O
Sodium Ascorbate
Dehydroascorbic acid
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CuI
VIII D
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R2
CuIb
H+
R1 CuIa
CuIb
R1 CuIa
CuIbN
N
N
R2
CuIII
CuI
E
F
IX
H+
CuIa
R1 H
R1 H
CuIa
N N
N R2
R1
CuII
CuII
Starting from CuII
precatalysts
red.
CuI
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O Ph
BnN3
CuSO4!5H2O, 1 mol%
Sodium ascorbate, 5 mol%
H2O/tBuOH, 2:1, rt, 8 h
N
N N
Bn
O
Ph
91% yield
O
O OH
OHO
HO H
Na
Sodium ascorbate
CuII
O2
O
O O
OHO
HO H
Dehydroascorbic acid
CuI
a)
b)
Ph BnN3
[Cu2ONPs] 2.5 mol%
100 ºC, 2 h
glycerol
N
N N
Bn Ph
95% yield
Synthesis of [Cu2ONPs]:
Cu(OAc)2
N O
PVP
n
H2 (3 bar)
glycerol
18 h, 100 ºC
[Cu2ONPs]
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.#::#/,4! 1*%2! 2%*$3-%! 0%3/9! =13-%! 3/*#,10,%! 3/! :#*-! #&9+/3.! *#,>%/-*<?@AB! C#! 3:$&#>%! -8%!
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E%73*! 0+*%*! '3/! $+&-3.1,+&! +:3/%*D! *1.8! +*! F(GH6?IB)! 8%,$! -#! 3/.&%+*%! -8%! *#,103,3-4! #5! .#$$%&!
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%553.3%/-,4! .+-+,4*%!66"! &%+.-3#/*! 3/!7+-%&!#&!1/2%&! *#,>%/-J5&%%! .#/23-3#/*D!1*3/9! ,#7!.+-+,4*-!
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!
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TTM
OH
N N
N
N
N N Ph
Ph
I) II)OH
N N
N
N
N
N
N
N N
Ph
Ph
Ph
Cu
Cl
N
N
N
Ph
TTM!CuCl
III)
R1 R2N3
TTM!CuCl (0.5 mol%)
H2Oa or neatb, rt
N
N N
R2 R1
N
N N
Ph R1
R1 = Ph (99% yield, 4h)a
R1 = CH2NMe2 (95% yield, 4h)a
N
N N
nOct R1
R1 = Ph (99% yield, 4h)a
R1 = CO2Et (99% yield, 15h)a
N
N N
Bn R1
R1 = Ph (94% yield, 4h)a
R1 = Ph (99% yield, 15h)b
R1 = 2-pyridyl (99% yield, 8h)a
R1 = PhCH2CH2 (99% yield, 4h)b
R1 = nBu (98% yield, 16h)a,c
R1 = nHex (98% yield, 16h)a,c
R1 = 4-chlorobutyl (64% yield, 18h)a,c
R1 = CO2Et (96% yield, 12h)a
R1 = p-HOCH2C6H4 (92% yield, 2h)a
R1 = CH2OH (84% yield, 6h)a
R1 = CH2NMe2 (97% yield, 4h)a
R1 = CH2NH2 (47% yield, 5h)a,d
c 0.25% mol cat. at 40ºC
d 1.0% mol cat. in 2:1 tBuOH/H2O
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##'75% /)% 07*&$2'7% +R9O%#45% ".% POYE% 1'2% :9O% ?9% G,H% E')A$2!/')!% +,"!$3% ')% ,$)D*7% "D/3$5% ")3%
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Ph BnN3
CuI (1 mol%)
1.5 h, rt
glycerol
N
N N
Bn Ph
13 a 13a
!"#$%&'()))(!
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!"#$%&' ()*'!"#$%#&'( )*)+,-.-( /01( 23*4,+( )4.53( /106( 7+/)#73-)1( 890:( ";<=>?@AB( %33( 7**3C( @BDB?( /01( :E3(6)--(
-F3G:1H6(/01(:E3(F3)I-(23:J33*(?KB<()*5(;KB<(6.*(13:3*:.0*(:.63-B(
( LE3(M#*%+,&N(23*4,+()4.53(J)-()+-0()*)+,-35(2,(O$P(8Q.RH13(@B@AB(?S()*5(?@"(O$P(-F3G:1)(
G+3)1+,( 3CE.2.:35( :E3( F13-3*G3( 0/( .6FH1.:.3-( .*( :E.-( G06631G.)++,( )T).+)2+3( G06F0H*5B( LE3-3(
-.R*)+-()13(.*()R13363*:(J.:E(:E3(F13-3*G3(0/()6.*3-(23)1.*R(+0*R()+.FE):.G(GE).*-U()-(-HRR3-:35(
2,( :E3()*)+,-.-(2,(!"#$%#&'B(LE3(GE36.G)+( -E./:-()*5(:E3(-.R*)+-( .*:3R1):.0*-()13( .*()R13363*:(
J.:E( :E3-3( :,F3-(0/( G06F0H*5-B( LE3( 13-:(0/( M+-#*%+,&N(23*4,+( )4.53-(J313()+-0()*)+,-35(2,( ?S(
)*5(?@"(O$P(J.:E0H:(/.*5.*R()*,()55.:.0*)+(-.R*)+(8-33(7**3C(@BDB@AB((
(
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!
"#$%&'!()(!"#!$%&!'()*+!,--!%#./!012!"34!$%&!'5)(()6+!"7,!%#./!8*9:(;0!'<1!4=4>3/!?);!591.@>!
0.<29!?;)6!A>?0!A980;!'B)(!47,C-"3/D!!
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!"#$%&'()))(!
!"#!
! "#$%!$%&'&!()*&'! #+!%,+-.!/&!-&(#-&-!$0!*+-&1'$,+-!$%&!&22&($!02!$%#'!$34&!02!,--#$#5&'!
0+!$%&!6()#(78!1&,($#0+9!"&!'$,1$&-!:3!$&'$#+;!-#22&1&+$!$34&'!02!,<#+&'!,+-!,<<0+#*<!',)$'!,'!
,--#$#5&'! #+! $%&! <0-&)! 1&,($#0+.! *'#+;! 0*1! 4*1&! %0<&=<,-&! :&+>3)! ,>#-&! ?@#;*1&! A9BC9!
D<<0+#*<!',)$'!/&1&!,)'0!$&'$&-!-*&!$0!$%&!()0'&!,;1&&<&+$!/#$%!$%&!,+,)3'#'!:3!EF=GH=IJ!?$%&!
40''#:)&!21,;<&+$'!0:$,#+&-.!@#;*1&!A9KC!,+-!LGM9!
!
!"#$%&' ()*' D<#+&'! ,+-! ,<<0+#*<! ',)$'! $&'$&-! ,'! ,--#$#5&'! #+! $%&! :&+(%<,17! F*DDF! 1&,($#0+.! *'#+;! 4*1&!
%0<&=<,-&!:&+>3)!,>#-&9!
! D'! '%0/+! #+!N,:)&!A9K.!41#<,13.! '&(0+-,13!,+-! $&1$#,13!,<#+&'! ?N,:)&!A9K.! &+$1#&'!OPQC!
:&,1#+;!)0+;!,)#4%,$#(!(%,#+'!,'!,--#$#5&'!?Q!<0)RC!)&-!$0!%#;%!3#&)-'!02!$%&!(011&'40+-#+;!O.K.A=
$1#,>0)&!+(,9!"%&+!$%&!,<0*+$!02! $%&!,--&-!,<#+&!/,'! 1&-*(&-!$0!O!<0)R.! $%&! 1&,($#0+!,)'0!
/017&-!?N,:)&!A9K.!&+$1#&'!O!,+-!APQC.!&'4&(#,))3!201!0)&3),<#+&.!-#0($3),<#+&!,+-!$1#0($3),<#+&9!
S0/&5&1.!/%&+!$%&!,)73)!(%,#+!#'!'%01$&1!)#7&!#+!$%&!(,'&!02!LI$A!01!TJUID!?N,:)&!A9K.!&+$1#&'!VP
WC.!$%&!1&,($#0+!/,'!)&''!&22#(#&+$9!D<<0+#*<!',)$'.!'*(%!,'!NXGDF)!,+-!D)#Y*,$Z!AAV!?N,:)&!A9K.!
&+$1#&'! [P\C! -#-! +0$! 2,50*1! $%&! (3()0,--#$#0+! +&#$%&19! T#,<#+&'!/&1&! ,)'0! $&'$&-! ,'! ,--#$#5&']!
NGITD! )&-! $0! ,! %#;%! (0+5&1'#0+! ?N,:)&! A9K.! &+$13! O^C.! /%&1&,'! IL.! *=UTD! ,+-! USIL! -#-! +0$!
410<0$&!$%&!1&,($#0+9!@#+,))3.!*10$104#+&!/,'!+0$!,($#5&!#+!$%&!1&,($#0+!?N,:)&!A9K.!&+$13!OBC!,+-!
K.V=)*$#-#+&!?*'&-!,'!:,'&!#+!F*DDF!1&,($#0+'!#+!/,$&1_KQ`C!;,5&!,!5&13!)0/!3#&)-!?N,:)&!A9K.!&+$13!
Octylamine Undecylamine Oleylamine
Dioctylamine Trioctylamine
Et3N
Triethylamine
(iPr)2EtN
Diisopropylethylamine
(DIPEA)
Trioctylmethylammonium chloride
(TOMACl)
Me NH210Me NH27 NH2Me 7 8
Me N
H7
Me7
Me N7 Me7
Me 7
Me N7 Me7
Me 7
MeCl
Me Nn Men
Me n
MeCl
Aliquat! 336
Mixture of compounds with n = 7 or 9
NN
Me
Me
Me
Me
Tetramethylethylenediamine
(TMEDA)
NH2H2N
Ethylenediamine
(EN)
NH2
NH2
o-Phenylenediamine
(o-PDA)
N
N
Phenantroline
(PHEN)
N
N
N
N
Urotropine
NH3C CH3
2,6-Lutidine
!"#$%&'()"*+,$-'./"01"'*2$3&/$45(6+*+,#2"0$7810"97,:#'"$4#6,&+001*1&'$1'$;,#6"/&,$!
! "#!
!"#$%&'%()%(*+,-'./'%',%/,'0%'1.'%'10%-0.2'(,/%3.)%.4),%2.--(05%,6'%(/%'10%.7)0/20%,8%96&%76'%(/%'10%
+-0)0/20%,8%,40:4.*(/0;%3('1,6'%,7)0-<(/=%./:%2,/<0-)(,/$%%
!"#$%&'()%96>>9%70'300/%+10/:4.20':40/0%./5%70/?:4%.?(50%6)(/=%96&%.)%2.'.4:'(2%
+-026-),-%./5%(/%'10%+-0)0/20%,8%./%.*(/0$@.A%
%
B/'-:% >55('(<0% 9,/<0-)(,/%C:(045#%CD#@7A%
!% E2':4.*(/0%
FG%CFH#%
<=$>??@@2A%
I% J/502:4.*(/0% FG%CFH#%
H% E40:4.*(/0%
!KK%CLFF#%
AB$>A?@@2A%
M% N(,2':4.*(/0%
!KK%CFG#%
A<$>BB@@2A%
"% O-(,2':4.*(/0%
FG%CPP#%
AC$>CD@@2A%
G% QB'H% IP%C!G#%
R% N&SB>% HG%CG#%
P% OET>94% HR%C!F#%
F% >4(U6.'V%HHG% IK%CW"#%
!K% OTBN>% PH%CRK#%
!!% BQ% HK%C!I#%%
!I% &XSN>% HK%C!K#%
!H% SYBQ% !"%CG#%
!M% J-,'-,+(/0% IK%CW"#%
!"% I;GXZ6'(5(/0% HM%CIG#%
@.A% [0.2'(,/% 2,/5('(,/)\% 96&% C!% *,4D#;% .55('(<0% C"% *,4D#;% 70/?:4% .?(50% CK$"% **,4#% ./5%
+10/:4.20':40/0% CK$"%**,4#% (/%=4:20-,4% CK$"%*Z#%.'%I"]9% 8,-%!$"%1$% @7A%9,/<0-)(,/)% C7.)05%,/%
70/?:4% .?(50#% ./5% :(045)% 50'0-*(/05% 7:% !Y% QT[% 6)(/=% IX*0'1,^:/.+1'1.40/0% .)% (/'0-/.4%
)'./5.-5$%@2A%&/%('.4(2);%-0)64')%6)(/=%,/4:%!%*,4D%,8%.55('(<0$%
% J)(/=%+10/:4%.?(50%C##%(/)'0.5%,8%70/?:4%.?(50;%'10%).*0%'-0/5%2,645%70%,7)0-<05%CO.740%
H$H#$% &/% '10% .7)0/20% ,8% .*(/0;% '10% -0.2'(,/% 5(5% /,'% 3,-_% CO.740% H$H;% 0/'-:% !#;% 31(40% (/% '10%
+-0)0/20%,8%.*(/0)%3('1%4,/=%.4(+1.'(2%21.(/)%1(=1%:(045)%30-0%,7'.(/05%CO.740%H$H;%0/'-(0)%I`"#$%
E/20%*,-0;% OTBN>% 8.<,6-05% '10% -0.2'(,/% ,7'.(/(/=% .% =,,5% :(045% CO.740% H$H;% 0/'-:% R#$% &/% '10%
Ph BnN3
CuI (1 mol%)
1.5 h, rt
glycerol
N
N N
Bn Ph
13 a 13a
Additive (5 mol%)
!"#$%&'()))(!
!"#!
!"#$#%&#'()'*+,-.'+*'/%0'1"(,"(!2%#.',3#'$4$,#5'6/$'%#/"74'2%/&,28#'9:/;7#'-<-.'#%,"2#$'='/%0'>?
@A<'
!"#$%& '('' B1CCB' ;#,6##%' !3#%47/&#,47#%#' /%0' !3#%47' /D20#' 1$2%E' B1F' /$'
&/,/74,2&'!"#&1"$("'2%',3#'!"#$#%&#'()'/%'/52%#<G/H'
'
+%,"4' C002,28#' B(%8#"$2(%'942#70A'9IAG;H'
J' ?' KL'
M' N&,47/52%#'
JOO'9@PA'
*+(,+-G&H'
-' N7#47/52%#'
JOO'9@>A'
.//(,01-G&H'
P' Q2(&,47/52%#'
>-'9>@A'
00(,01-G&H'
L' :"2(&,47/52%#'
>>'9>>A'
.//(,.2-G&H'
=' *+,-' JO'9=A'
R' :S+QC' RO'9R=A'
>' +*' MJ'9J@A'
@' T"(,"(!2%#' KL'
G/H' U#/&,2(%' &(%02,2(%$V' B1F' 9J' 5(7IA.' /002,28#' 9L' 5(7IA.' !3#%47' /D20#' 9O<L' 55(7A' /%0'
!3#%47/&#,47#%#' 9O<L'55(7A' 2%'E74&#"(7' 9O<L'5WA'/,'MLXB' )("'J<L'3<' G;H'B(%8#"$2(%$' 9;/$#0'(%'
!3#%47' /D20#A' /%0' 42#70$' 0#,#"52%#0' ;4' JY'*SU'1$2%E' J.-.LZ,"25#,3([4;#%D#%#' /$' 2%,#"%/7'
$,/%0/"0<'G&H'F%'2,/72&$.'"#$17,$'1$2%E'(%74'J'5(7I'()'/002,28#<'
' N1"' 5(0#7' "#/&,2(%' ;#,6##%' !3#%47/&#,47#%#' 9)'A' /%0' ;#%D47' /D20#' 9"A' 1$2%E' B1F' /$'
&/,/74$,.'6/$' /7$(' ,#$,#0' 2%' (,3#"' !(7/"' $(78#%,$' /%0' 2%' ,3#' !"#$#%&#' ()' $#8#"/7' /52%#$' 9:/;7#'
-<PA<' F%' ,3#'/;$#%&#'()'/52%#'("' 2%' ,3#'!"#$#%&#'()'*+,-' ,3#' "#/&,2(%'020'%(,'6("\' 9:/;7#'-<P.'
#%,"2#$'J?=A<'Y(6#8#".' 2%' ,3#'!"#$#%&#'()'02(&,47/52%#'("'(7#47/52%#' ,3#' "#/&,282,4'6/$'51&3'
;#,,#"' 9:/;7#'-<P.'#%,"2#$'R?JMA]' 2%'6/,#"'("'J.PZ02([/%#',3#'"#/&,282,4'6/$'&(5!/"/;7#' ,(' ,3/,'
(;$#"8#0'2%'E74&#"(7'9:/;7#'-<P.'#%,"2#$'R.@.JO'/%0'JMA.'63#"#/$'2%'#,3/%(7',3#'42#70$'6#"#'7(6#"'
9:/;7#'-<P.'#%,"2#$'>'/%0'JJA<''
'
'
Ph PhN3
CuI (1 mol%)
1.5 h, rt
glycerol
N
N N
Ph Ph
13 b 13b
Additive (5 mol%)
!"#$%&'()"*+,$-'./"01"'*2$3&/$45(6+*+,#2"0$7810"97,:#'"$4#6,&+001*1&'$1'$;,#6"/&,$!
! ""!
!"#$%&'()!"#$$"!%&'(&&)!*+&),-./&',-&)&!.)0!%&)1,-!.120&!#32)4!"#5!.3!/.'.-,'2/!*6&/#6376!
.)0!.)!.00&0!.82)&!2)!0299&6&)'!37-:&)'3;<.=!
!
>)'6,! $002'2:&! ?7-:&)'! "7):&6327)!@,2&-0A!@BA<%=!
C! D! E.'&6! FF!@CGA!
F! D! >'+.)7-! CF!@HIA!
G! D! CJKLM27N.)&! CC!@HIA!
K! O>'G! E.'&6
! CI!@HIA!
I! O>'G! >'+.)7-! CP!@HIA!
Q! O>'G! CJKLM27N.)&! FK!@CCA!
P! M27/',-.82)&! E.'&6! CRR!@SGA!
T! M27/',-.82)&! >'+.)7-! QQ!@KTA!
S! M27/',-.82)&! CJKLM27N.)&! CRR!@SSA!
CR! U-&,-.82)&! E.'&6! SS!@SKA!
CC! U-&,-.82)&! >'+.)7-! IS!@KTA!
CF! U-&,-.82)&! CJKLM27N.)&! SK!@TCA!
<.=!V&./'27)!/7)02'27)3W!"#5!@C!87-BAJ!.002'2:&!@I!87-BAJ!%&)1,-!.120&!@R;I!887-A!.)0!*+&),-./&',-&)&!
@R;I!887-A! 2)! '+&! /766&3*7)02)4! 37-:&)'! @R;I!8XA! .'! FIY"! 976! C;I!+;! <%=! "7):&6327)3! @%.3&0!7)!%&)1,-!
.120&A!.)0!,2&-03!0&'&682)&0!%,!CZ!O[V!#32)4!FL8&'+7N,).*+'+.-&)&!.3!2)'&6).-!3'.)0.60;!
! $9'&6! '+23! 3/6&&)2)4J! .! 6&*6&3&)'.'2:&! 3/7*&! 2):7-:2)4! 0299&6&)'! .-\,)&3! @*'D++A! .)0!
764.)2/! .120&3! @"J! #A! (.3! /.662&0! 7#'! #32)4! 7-&,-.82)&! .3! .002'2:&;! ]+&! /766&3*7)02)4! CJFJGL
'62.17-&3!(&6&! 7%'.2)&0! 2)! +24+! ,2&-03;! >:&)! #32)4! .-\,)&3! %&.62)4! .-\,-! 3#%3'2'#&)'3J! '62.17-&3!
(&6&! 7%'.2)&0! 9678!870&6.'&! '7! +24+! ,2&-03! @*,"J! *-"J! *-#A;! O7! '6.)3&3'&6292/.'27)! 6&./'27)3!
(2'+!4-,/&67-!(&6&!7%3&6:&0!(+&)!.-\,)&3!/7)'.2)2)4!&3'&6!467#*3!(&6&!#3&0!@*)"J!*."A;!
Ph BnN3
CuI (1 mol%)
1.5 h, rt
solvent
N
N N
Bn Ph
13 a 13a
Additive (5 mol%)
!"#$%&'()))(!
!"##!
!
!"#$%&' ()*' !"#$%&#'& ()%& *+,-%.*/012%& "1"/#*--,(,#2& "*(*/13%-&41&56789/%1/*:,2%& 313(%:;& <,=6>%3& ,2-,"*(%&
()%&,3#/*(%-&1,%/-3;&
& 72&#>-%>& (#& "#2',>:& ()%& ,:$#>(*2(&%''%"(&#'& ()%&*--%-&*:,2%& (#&$>#:#(%& ()%& >%*"(,#2?&
3#:%& 3%/%"(%-& (>,*+#/%3& @%>%& $>%$*>%-& 62-%>& *:,2%.'>%%& "#2-,(,#23?& *3& "#2(>#/& %A$%>,:%2(3&
BC*4/%&D;EF;&72&*//&"*3%3?&()%&1,%/-3&#4(*,2%-&@%>%&G%>1&/#@&%G%2&*(&/#2=%>&>%*"(,#2&(,:%3&B6$&(#&H&
)F;&
&
&
&
&
&
&
R R'N3
CuI (1 mol%)
1.5 h, rt
glycerol
N
N N
R' R
13–22 a, b 13a–22a
13b, 17b, 19b, 22b
Oleylamine (5 mol%)
N
N N
Bn Ph
13a
99%
N
N N
Bn CO2Et
14a
90%
N
N N
Bn
15a
91%
N
N N
Bn
X
X = CO2Me, 16a
94%
X = Br, 17a
89%
X = OH, 18a
96%
N
N N
Bn
19a
68%
N
N N
Bn Ar Ar = 4-NO2-C6H4, 20a
89%
Ar = 4-OMe-C6H4, 21a
83%
N
N N
Bn
22a
79%
NMe2
N
N N
Ph Ph
13b
96%
N
N N
Ph
Br
5b
89%
N
N N
Ph
19b
53%
N
N N
Ph
22b
75%
NMe2
!"#$%&'()"*+,$-'./"01"'*2$3&/$45(6+*+,#2"0$7810"97,:#'"$4#6,&+001*1&'$1'$;,#6"/&,$!
! "#"!
!
!"#$%&'()!"#$%&#'!()*(&+,($%-!+$!%.(!/0-($1(!#2!/,+$(34/5!
!
6$%&7! 8&#9:1%! ;+,(! "#$<(&-+#$!=>+('9?!=@?405!
A!
&
A3B! AC!=DB?!
E!
!
F! FC!=EB?!
F!
!
G! EF!=DB?!
H!
!
G! C!=DB?!
B!
!
A3B! DB!
4/5!I(/1%+#$!1#$9+%+#$-J!":K! =A!,#'@?L!/M+9(! =N3B!,,#'?!/$9!*.($7'/1(%7'($(! =N3B!,,#'?! +$!O'71(&#'! =N3B!,P?!/%!
EBQ"3! 405! "#$<(&-+#$-! =0/-(9! #$! %.(! /M+9(?! /$9! 7+('9-! 9(%(&,+$(9! 07! AR!STI! :-+$O! EU,(%.#)7$/*.%./'($(! #&!
ALFLBU%&+,(%.#)70($M($(!/-!+$%(&$/'!-%/$9/&93!
! V$2#&%:$/%('7L! #:&! 1/%/'7%+1! -7-%(,! W/-! $#%! /1%+<(! 2#&! %.(! /M+9(U/'X7$(! 171'#/99+%+#$!
:-+$O! +$%(&$/'! /'X7$(-! =*L! +?! /$9! AU+#9#/'X7$(-! =,'?! =Y+O:&(! F3C?3! ;.(! 1#&&(-*#$9+$O! 2:''7!
-:0-%+%:%(9! %&+/M#'(-! =*"L!+"L!,'"?!W(&(!$#%!#0%/+$(9!:$9(&! %.(-(!,+'9! 1#$9+%+#$-L! (<($!W.($!
%.(!/,#:$%!#2!":K!W/-! +$1&(/-(9!/$9! %.(! &(/1%+#$! %+,(!W/-! '#$O(&! =%(-%(9! +$! %.(! 1/-(!#2!+"?3!
K$%(&$/'! /'X7$(-! :-:/''7! &(Z:+&(! ./&9(&! 1#$9+%+#$-! %#! O+<(! %.(! 171'#/99+%+#$L! /-! ()*'/+$(9! +$!
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CuI (5 mol%), Oleylamine (25 mol%), 
24 h: no reaction
N
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D<7/;,66=-<,A?*:!A6,5./#!
I"JK!L! 0M2M2K1!DC
I
N!
I"OK!L! 0M2M2M1!DC
I
N!!
I"MP!L! 0I2K2K1!DC
I
N!!=<!0K2I2I1!DCE!
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(,$1-1"+'F4'-&%@/'*/$);%.)<$%(/4'7*4*&)/"R%#"VW.XH*'BJT?9'6@)&%."+'%@'%'C/1."'@)&1+'1#':8Z'41"&+'
7T8Y' ;<=' 89Y>' ;;)&?9' I/"' -)&&)C1#<' @("*.$)@*)(1*' +%.%' ;%.*/"+' C1./' ./)@"' $"()$."+' 1#' ./"'
&1."$%.,$"9[YO\''
;C,DEF, 7Y88']^0='5_5&O?J'! T9O:'7.='
O>'a'L9T'^0='O^='5<O?='Y9Y8'7G='
O>'a'L9T'^0='B^='5<B?='>9>:'7@='
B^='5<B?='L9BYAL9O>'7;='B^='<H$?='L9OKAL9Y>'7;='O^='<H$?='L9::'7@='T^='5<?9'
N
N N
Bn Ph
N
N N
Bn CO2Et
!"#$%&'()))(!
!""#!
!"#$%&'$!"##$%&'($)*)+,-.$! "/0,$!!&,-($1/01$!!&2-($3"0,$!!&2-($"240,$!!&$56$!&76-($"2802$!!&76-($
"290"$!!&$56$!&76-($"290,$!!&76-($",,04$!!-($"/#03$!!-($"3#04$!!:;-0$
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!<$%&'$ !/##$%&'($)*)+,-.$! "018W"08"$!O($3&($)*2-($20#"W20"3$!O($2&($)*2-($,0"#W,02,$!O($"&($
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&Copper Nanoparticles
Key Non-Metal Ingredients for Cu-catalyzed “Click” Reactions in
Glycerol: Nanoparticles as Efficient Forwarders
Marta Rodr￿guez-Rodr￿guez,[a, b] Patricia Llanes,[b] Christian Pradel,[a] Miquel A. Peric￿s,*[b] and
Montserrat G￿mez*[a]
Abstract: The effect of long-alkyl-chain amines in CuI-assist-
ed azide–alkyne cycloadditions of terminal alkynes with or-
ganic azides in glycerol and other environmentally benign
solvents (water, ethanol) has been examined. The presence
of these additives favors the in situ formation of CuI-based
nanoparticles and results in an increase of the catalytic reac-
tivity. In glycerol, liquid-phase transmission electron micros-
copy (TEM) analyses, enabled by the negligible vapor pres-
sure of this solvent, proved that CuI nanoparticles are re-
sponsible for the observed catalytic activity. The wide variety
of alkynes and azides of which this effect has been investi-
gated (14 combinations) confirms the role played by these
additives in Cu-catalyzed Huisgen cycloadditions.
Introduction
Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reactions
represent a successful method for the synthesis of 1,2,3-tria-
zoles,[1] as indicated by the thousands of works published in
this field,[2a] including enantioselective CuAAC transforma-
tions.[2b,c] This remarkable success is mainly due to the process
versatility in terms of solvent compatibility, copper sources
(salts, well-defined complexes, preformed nanoparticles, (un)-
supported systems), functional group tolerance, and energy
supplies (conventional heating, microwave activation) among
others. However, this hands-on behavior leads to some con-
cerns with regard to understanding (“who does what”), associ-
ated with the lack of conclusive studies in relation to CuAAC
mechanism(s),[3] in particular for in situ generated systems
using CuI starting materials. The most frequently used precur-
sors, copper halides, are quite insoluble in the common organ-
ic solvents, especially CuI.[4] The presence of any additive (im-
purity) can improve the solubility of copper species in the
medium, inducing then an increase of catalytic activity. In this
context, organic bases play a decisive task, favoring both the
coordination to metal (as Lewis bases) and the formation of
active intermediates such as copper acetylides. Polydentate ni-
trogen-based ligands have been proved as particularly efficient
copper partners, stabilizing CuI species[5] and enhancing the
rate of CuAAC processes.[6] In this area, CuI complexes contain-
ing tris-(triazolyl)methane tripodal ligands, which are highly
proficient in CuAAC reactions,[1f, 7] represent an elegant ap-
proach to illustrate the role of Lewis bases (Figure 1). These li-
gands can efficiently stabilize catalytic precursors (I) and also
intermediates acting as hemi-labile scaffolds (II), which gener-
ates vacant sites for the coordination of reagents.
In agreement with these important, ancillary tasks, base-free
catalytic CuAAC systems using CuI complexes as copper source
are rare. To the best of our knowledge, only one recent publi-
cation by Garc￿a-Alvarez and Vidal reports on a CuI system able
to catalyze CuAAC reactions in glycerol in the absence of any
added base.[8]
Following our work on the use of glycerol as a solvent in
metal-catalyzed processes[9] and more recently in metal-free
AAC for the synthesis of fully substituted 1,2,3-triazoles,[10] in
which the activation of both alkynes and benzylazide by glyc-
erol was proved, we planned to evaluate the activity of CuI
salts towards click reactions in this solvent, with the aim of un-
Figure 1. Tris(triazolyl)methane ligands for CuI-catalyzed AAC.[1f, 7] Small
square denotes vacant site on copper.
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derstanding the role of added exogenous base in glycerol
medium.
Results and Discussion
We selected the cycloaddition between phenylacetylene and
benzyl azide as the benchmark reaction, using CuI as catalyst
source in neat glycerol at room temperature (Scheme of
Table 1). The reaction did not work at all at short reaction
times (1.5 h), 84% conversion being achieved after 24 h
(entry 1, Table 1). In the course of our research, the high effi-
ciency of this methodology under exactly the same “base-free”
reaction conditions was reported, triazole 1a being isolated by
these authors in 94% yield in short reaction times.[8] This seri-
ous discrepancy between independent runs of an easy-to-per-
form process, almost fulfilling the requirements in the Corn-
forth definition of an “ideal chemical process”[11] led us to think
that some uncontrolled factor was operating. Given the practi-
cal importance of azide–alkyne cycloadditions, we decided to
deeply characterize the different components involved in the
process in an attempt to rationalize this behavior.[12] This ana-
lytical study showed that the success of the reaction depended
on the quality (source) of BnN3 (entries 2–4, Table 1) and that,
rather surprisingly, high-purity samples of azide were unreac-
tive. In fact only one commercially available lot of BnN3 fa-
vored the cycloaddition (entry 2, Table 1).
We analyzed the “active” BnN3 by GC-MS and NMR (Figur-
es S1–S3 in the Supporting Information). In contrast to the
other BnN3 samples (Figures S4–S9 in the Supporting Informa-
tion), this one was contaminated by some compounds that, ac-
cording to MS, appeared to correspond to amines containing
long alkyl chains. To test the possible catalytic effect of these
impurities, we carried out the cycloaddition in the presence of
amines using high purity, home-made BnN3 (Table 2). We ob-
served that when 5 mol% of amine with respect to benzyl
azide was used, primary (entries 1–3), secondary (entry 4), and
tertiary (entry 5) long-alkyl-chain-based mono-amines led to
high yields of the corresponding 1,2,3-triazole, 1a. For short-
alkyl-chain derivatives, such as triethylamine or diisopropyle-
Table 1. Azide–alkyne cycloaddition of phenylacetylene and benzyl azide
in the presence of CuI.[a]
Entry Bn-N3 Source/Batch code
[b] Conv. (yield) [%][c]
1[d] Home-made <5
84 (69)[e]
2 Alfa-Aesar/C25Z013[f] 100 (80)
3 Alfa-Aesar/AE040501 <5
4 Aldrich/BCBL4667V <5
[a] Reaction conditions: CuI (1 mol%), benzyl azide (0.5 mmol), and phe-
nylacetylene (0.5 mmol) in glycerol (0.5 mL) at 25 8C for 1.5 h. Triazole 1a
was not obtained in the absence of copper (18% conversion, <5% yield
for 1a) ; [b] for certificates of analyses, see the Supporting Information;
[c] determined by 1H NMR analysis using 2-methoxynaphthalene as inter-
nal standard; conversions based on BnN3; [d] for BnN3 synthesis, see
ref. [24] ; [e] in italics, data after 24 h reaction; [f] data coming from two
different commercial flasks.
Table 2. Azide-alkyne cycloaddition of phenylacetylene and the corre-
sponding azide in the presence of CuI and amine.[a,b]
Entry Azide Amine Product, Conv. (yield) [%][b]
1 a NH2(octyl) 1a, 96 (93)
52 (44)[c]
2 a NH2(undecyl) 1a, 96 (93)
3 a Oleylamine 1a, 100 (>99)
98 (94)[c]
Run 4: 100 (85)[d]
4 a NH(octyl)2 1a, 100 (96)
95 (88)[c]
5 a N(octyl)3 1a, 96 (88)
97 (73)[c]
6 a NEt3 1a, 28 (16)
7 a NEt(iPr)2 1a, 36 (6)
8 a TOMACl 1a, 37 (19)
9[e] a Aliquat￿336 1a, 20 (<5)
10 a TMEDA 1a, 83 (70)
11 a EN 1a, 30 (12)
12 a o-PDA 1a, 30 (10)
13 a PHEN 1a, 15 (6)
14 a Urotropine 1a, 20(<5)
15 a 2,6-lutidine 1a, 34(26)
16 b – 1b, <5
17 b NH2(octyl) 1b, 100 (94)
39 (9)[c]
18 b Oleylamine 1b, 100 (98)
100 (87)[c]
19 b NH(octyl)2 1b, 83 (89)
88 (87)[c]
20 b N(octyl)3 1b, 88 (88)
100 (12)[c]
21 b NEt3 1b, 10 (6)
22 b TMEDA 1b, 70 (76)
23 b EN 1b, 21 (19)
24 b Urotropine 1b, <5
[a] Reaction conditions: CuI (1 mol%), amine (5 mol%), benzyl or phenyl
azide (0.5 mmol), and phenylacetylene (0.5 mmol) in glycerol (0.5 mL) at
25 8C for 1.5 h; [b] determined by 1H NMR analysis using 2-methoxynaph-
thalene or 1,3,5-trimethoxybenzene as internal standard; conversions
based on BnN3; [c] in italics, conversion (yield) using 1 mol% of amine;
[d] see Figure S10 in the Supporting Information for the recycling of the
catalytic phase; [e] Aliquat￿ 336: Ammonium salts containing a mixture of
C8 and C10 alkyl chains with C8 predominating.
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thylamine, low yields were achieved (<16%, entries 6 and 7,
Table 2). When the amount of added amine decreased
(1 mol%), the reaction also worked (entries 1 and 3–5), espe-
cially for oleylamine, dioctyl, and trioctyl amine (entries 3–5).
Ammonium salts, such as trioctylmethylammonium chloride
(TOMACl) and Aliquat￿336 (ammonium salt containing a mix-
ture of C8 and C10 alkyl chains, often used as a metal extrac-
tion reagent[13]), did not favor the cycloaddition (entries 8 and
9).
Dinitrogenated (EN=ethylenediamine; o-PDA=ortho-phe-
nylenediamine and PHEN=phenantroline, entries 11–13,
Table 2) and tetranitrogenated (urotropine, entry 14) ligands
did not trigger a positive outcome (yields <12%). TMEDA (tet-
ramethylethylenediamine) was an exception to this behavior
(70% yield, entry 10). The use of 2,6-lutidine, known by its per-
formance in CuAAC in aqueous medium,[14] gave a very low
yield (entry 15).
The same trend could be found when phenyl azide was
used instead of benzyl azide (entries 16–24, Table 2): The
system was inactive in the absence of an added amine
(entry 16). However, high yields could be isolated in the pres-
ence of amines containing a long alkyl chain (up to 94%, en-
tries 17–20). For “light” amines (entries 21–24, ), only the CuI/
TMEDA system was active, as previously observed with BnN3
(entries 10 and 22, Table 2).
Furthermore, this “super” amine effect was examined in
other polar solvents, such as water, ethanol, or 1,4-dioxane.
Under the same conditions as described above, the behavior
was comparable to that observed in glycerol. Without any ad-
ditive or in the presence of NEt3, low yields were obtained (<
13%, entries 1–6, Table 3). However, in the presence of dioctyl-
amine (entries 7–9) or oleylamine (entries 10–12), the increase
of catalytic activity was clearly apparent.
It is important to mention that the catalytic phase could be
recycled up to four times without significant loss of efficiency
(entry 3, Table 2; see Figure S10 in the Supporting Information),
showing the ability of glycerol to immobilize the catalyst. The
dramatic effect observed after the fourth run is undoubtedly
related to the leaching of copper (more than 1000 ppm deter-
mined by ICP-MS).
With these results in hand, a representative set of Cu-cata-
lyzed azide–alkyne cycloadditions involving the use of different
alkynes (1–10) and organo-azides (a, b) (Scheme 1) was carried
out in the presence of oleylamine. The corresponding triazoles
were obtained in high to quantitative yield. Even those tria-
zoles bearing alkyl substituents at C-4 (3a, 7a, 7b) were ob-
tained in moderate to high yields (53–91%). No transesterifica-
tion reactions with glycerol were detected for alkynes contain-
ing ester groups (2a, 4a). For selected triazoles, the reactions
were also carried out in the absence of added amine, as con-
trol experiments. In all cases, low yields (<25%, see Table S1 in
the Supporting Information) were recorded even at longer
times (up to 7 h). Unfortunately, this catalytic system, working
under favorable conditions, was not active using internal al-
kynes, such as diphenylacetylene, methyl phenylpropiolate, or
1-iodo-2-phenylacetylene (Figure S11 in the Supporting Infor-
mation).
With the aim of understanding the observed reactivity, we
analyzed the structural behavior of copper salts. From a coordi-
nation point of view, the CuI motif leads to a large variety of
structures corresponding to both discrete molecular com-
Table 3. Azide-alkyne cycloaddition of phenylacetylene and benzyl azide
in the presence of CuI and amine.[a]
Entry Solvent Amine Conv. (yield) [%][b]
1 H2O – 22 (13)
2 EtOH – 12 (<5)
3 Dioxane – 11 (<5)
4 H2O NEt3 15 (<5)
5 EtOH NEt3 17 (<5)
6 Dioxane NEt3 24 (11)
7 H2O NH(octyl)2 100 (93)
8 EtOH NH(octyl)2 66 (48)
9 Dioxane NH(octyl)2 100 (99)
10 H2O Oleylamine 99 (94)
11 EtOH Oleylamine 59 (48)
12 Dioxane Oleylamine 94 (81)
[a] Reaction conditions: CuI (1 mol%), amine (5 mol%), benzyl azide
(0.5 mmol), and phenylacetylene (0.5 mmol) in the appropriate solvent
(0.5 mL) at 25 8C for 1.5 h; [b] determined by 1H NMR analysis using 2-me-
thoxynaphthalene or 1,3,5-trimethoxybenzene as internal standard; con-
versions based on BnN3.
Scheme 1. Scope of azide-alkyne cycloaddition catalyzed by CuI/amine
system in glycerol. Figures indicate isolated yields.
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plexes[15] and polymeric networks,[16] depending on the nature
of the ligands involved and also the reaction conditions. This
structural variety is especially remarkable when N-based li-
gands are involved,[17] in particular for diamines (EN, TMEDA,
PHEN) and short-alkyl-chain tertiary amines (NEt3, NEtiPr2) like
those used in this work.[18] Some of them give complex struc-
tures based on closed-cubane “Cu4I4” tetramers;
[18a,19] we could
prove this trend by the X-ray diffraction analysis of the Cu4I4-
TMEDA system (Figures S12 and S13 in the Supporting Infor-
mation).[20]
In contrast, long-alkyl-chain amines favor the stabilization of
metal (and metal oxide) nanoparticles.[21] Presuming the forma-
tion of copper-based nanoclusters under our reaction condi-
tions,[22] TEM analyses of CuI in glycerol and in the presence of
different amines were carried out (Table S2 in the Supporting
Information). Actually, the formation of well-dispersed nano-
particles was observed in the presence of long-alkyl-chain
amines, including ammonium derivatives (Figure 2). HR-TEM
and EDX analyses of a CuI/dioctylamine mixture in glycerol
confirmed the CuI nature of the nanoparticles and the pres-
ence of the amine on the nanoparticle surface (Figure S14 in
the Supporting Information). It is worth noting that ammoni-
um salts such as TOMACl and Aliquat￿336 did not lead to cata-
lytically active systems, although the formation of well-dis-
persed nanoparticles was also observed. The lack of catalytic
activity in these last cases is probably due to the very strong
electrostatic interaction between the ionic ligands and the
nanoparticles: As a result, CuI-based nanoparticles are tightly
surrounded by anion/cation shells, and this leads to small and
well-dispersed particles. However, this stabilizing interaction
shields the surface of the nanoparticles and prevents the requi-
site approach of the reactants to the catalytic copper centers.
In contrast, hemi-labile amine ligands, while still preventing
particle agglomeration by steric shielding, can be easily de-
tached, leading to free coordination sites on copper that are
necessary for the reaction to proceed.[23]
Interestingly, the presence of additional ionic compounds in
the reaction medium was shown to influence the course of the
reaction as well. Thus, when an equimolar mixture of Ali-
quat￿336 and a sodium salt (NaOAc or NaN3) was added to the
non-productive reaction mixture, the system turned active
(Figure 3). TEM analyses of CuI in glycerol in the presence of
both Aliquat￿336 and sodium salt evidenced the formation of
micelle-like arrangements, giving high local density of copper
and therefore favoring the reactivity. This effect can especially
be observed in the case of the mixture Aliquat￿336/NaOAc,
where cylindrical micelles were identified, containing the
copper species at the surface (accessible to the reagents) and
the more hydrophobic constituents (ammonium alkyl species)
probably placed inside of these nano-objects. A similar trend
could be observed using TOMACl/NaN3 (Figure S15 in the Sup-
porting Information). It is important to note that CuI/NaN3 and
CuI/NaOAc systems (in the absence of any nitrogen-based
ligand) were not active. In addition, this reactivity behavior
points to the feasibility of CuAAC by a one-pot three-compo-
nent approach. Actually, with Bn-Br, NaN3 and phenylacetylene
as starting materials, 1a was isolated in 90% yield (see
Scheme S1 in the Supporting Information)
Correlating reactivity and structure, it seems that the forma-
tion of nanoparticles favors the catalytic process, which points
to a beneficial (cooperative) effect between neighboring CuI
centers for the activation of both azide and alkyne reactants
during the cycloaddition, as already noted in our previous
work involving the use of Cu2O nanoparticles as catalytic pre-
cursors in glycerol medium.[9a]
In fact, for short-chain alkyl amines such as DIPEA (DIPEA=
N,N-diisopropylethylamine), ethylenediamine, or urotropine,
agglomerates similar to those observed for CuI in the absence
of any additive were formed (Table S2 in the Supporting Infor-
mation), affording inactive catalytic systems (Table 2). Only CuI/
TMEDA led to the simultaneous formation of nanoparticles
and agglomerates. As we have already mentioned, this system
depicted high catalytic activity in azide–alkyne cycloadditions
(entries 10 and 22, Table 2).
We were also interested in establishing the oxidation state
of copper involved in the active species. For that, we reused
the catalytic phase corresponding to the active CuI/dioctyla-
mine system (after reaction between phenylacetylene and
benzyl azide). TEM analysis after catalysis showed smaller
nanoparticles than before (ca. 1.4 nm (after) vs. 2.1 nm
(before); Table S2 in the Supporting Information) ; the catalytic
phase was then much less active (33% in the second run
versus 100% in the first one). HR-TEM coupled to an electronic
diffraction analysis showed that particles after the first catalytic
Figure 2. TEM images for CuI-based systems containing oleylamine (a), dioctylamine (b), and TOMACl (trioctylmethylammonium chloride) (c) in glycerol. Scale
bars=50 nm.
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run consisted of Cu0 (Figure S16 in the Supporting Informa-
tion). This indicated to us that the initially formed CuI-rich
nanoparticles suffer reductive deactivation as a concomitant
off-cycle of the CuAAC reaction. In contrast, the reutilization of
the CuI/oleylamine system gave the same activity as for the
first run (for both cases, nearly full conversion). HR-TEM/elec-
tronic diffraction analysis proved that in this case, nanoparti-
cles were mainly formed by CuI after catalysis (Figure S17 in
the Supporting Information). In addition, XPS analysis evi-
denced the absence of CuII species after reaction (absence of
the corresponding strong satellites, see Figure S18 in the Sup-
porting Information). These data point to CuI-based nanoparti-
cles as being responsible for the observed reactivity.
Conclusions
In this work, we could prove the key role of “impurities” ran-
domly present in commercial samples of benzyl azide. Its accu-
rate analyses led us to identify them (long-alkyl chain amines)
and to examine their impact on CuI-based catalytic systems
applied in azide-alkyne cycloadditions in different solvents. As
a practical result of this study, we have been able to establish
that the addition of small amounts (5 mol%) of primary, secon-
dary, or tertiary amines containing C8, C11, or C18 carbon chains
(CuI/amine ratio=1/1 or 1/5) secures the success in the syn-
thesis of 1,4-disubstituted 1,2,3-triazoles under mild reaction
conditions (low metal loading of 1 mol%, short time of 1.5 h,
and room temperature), in environmentally benign glycerol. As
a consequence, a warning should be made on experimental
procedures for the CuAAC reaction in polar solvents not in-
volving the use of appropriate amines: Their success or failure
strongly depends on the presence/absence of amine-type im-
purities in the employed azide. The use of glycerol as a non-
volatile solvent enabled the (HR)TEM analysis of solutions con-
stituted by CuI and amine, before and after catalysis. It could
be learned from these studies that CuI, in the presence of
long-alkyl-chain amines in glycerol at room temperature, gives
rise to the formation of small and well-dispersed CuI nanoparti-
cles, in contrast with the agglomerates formed from either
bulk CuI or mixtures of CuI with low-weight amines. It is im-
portant to mention that the presence of ammonium salts
mainly containing C8 chains (TOMACl, Aliquat
￿ 336) did not
provide an efficient catalytic system in spite of the formation
of well-dispersed nanoparticles. This was almost certainly
caused by the stabilization of CuI nanoparticles by electrostatic
effect, thus blocking the access of reagents to the CuI centers.
However, tuning the ionic species present in the reaction
medium, the catalytic system turned active through the forma-
tion of organized systems.
Figure 3. Effect of the salts in azide–alkyne cycloaddition. TEM images corresponding to the mixtures of CuI, Aliquat￿ 336, and NaX (1/5/5 ratio, respectively):
NaOAc (left; scale bar=1 mm, inset scale bar=100 nm), including an inserted image of one of the cylindrical micelle-like objects; NaN3 (right; scale
bar=50 nm).
Chem. Eur. J. 2016, 22, 18247 – 18253 www.chemeurj.org ￿ 2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim18251
Full Paper
!"#$%&'()"*+,$-'./"01"'*2$3&/$45(6+*+,#2"0$7810"(7,9#'"$4#6,&+001*1&'$1'$:,#6"/&,$!
! "#"!
!
!
!
!
Altogether, this study led us to establish a correlation be-
tween the in situ formation of CuI nanoparticles in glycerol
and other polar solvents and their catalytic activity. These
nano-objects, generated due to the presence of long-alkyl-
chain amines, favor the activation of both reagents, alkyne and
azide partners, by cooperative effect between neighboring CuI
centers.
The inconsistencies found working under the “same” condi-
tions induce the desire to understand and discover new issues
for known reactions. The use of controlled-quality compounds
(reagents, catalysts, solvents) permits a dramatic reduction of
these effects, establishing reproducible and sustainable proto-
cols.
Experimental Section
General procedure for the azide-alkyne cycloaddition
CuI (0.9 mg, 0.005 mmol) and the corresponding amine (0.005–
0.25 mmol) were added to glycerol (0.5 mL) in a Schlenk tube
equipped with a stirring bar under Ar atmosphere. The alkyne
(0.5 mmol) and the azide (0.5 mmol, 67 mg for BnN3
[24] and 60 mg
for PhN3) were added consecutively to the reaction medium. The
mixture was stirred at 25 8C for 1.5 h (or the stated time). The or-
ganic products were extracted from the catalytic mixture with di-
chloromethane (6￿2 mL). The combined chlorinated organic layers
were filtered through a Celite￿ pad and the resulting filtrate was
concentrated under reduced pressure. The products were purified
by chromatography (silica gel short column, eluent: cyclohexane/
ethyl acetate) in order to determine the isolated yields of the cor-
responding triazoles.
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(S,R/R,S)-26
46% isolated yield
(S,S/R,R)-26
41% isolated yield
1) nBuLi, rt, THF
2) aldehyde, 
      –78 ºC, THF
100% conversion
50:50 dr
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99% isolated yield
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(S,S,S)-32
1) nBuLi, rt, THF
2) imine, rt,
 THF
33% conversion
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58:29:8:5 dr
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27 33
Ti(OEt)4
THF, reflux
24 h
Ph Ph
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61% isolated yield
O
[!]D26 = –103.9 (c 1.01, CHCl3)
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(S,R)-35 (R,R)-35
1) nBuLi, rt, THF
2) imine, rt,
 THF
40% isolated yield (first eluting diastereomer) 35-1
47% isolated yield (second eluting diastereomer) 35-2
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100% conversion
50:50 dr
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27 36
Ti(OEt)4
CH2Cl2, reflux
48 h
28% isolated yield
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36% conversion
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(S,S)-38 (R,S)-38
1) nBuLi, rt, THF
2) sulfinylimine, rt,
 THF
50% conversion
62:38 dr
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benzophenone imine
 detected in the 
reaction mixture
23% isolated yield (first eluting diastereomer) 38-1
12% isolated yield (second eluting diastereomer) 38-2
p-Tol = 4-Me-C6H4
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(S,S)-38 (R,S)-38
1) nBuLi, rt, THF
2) menthyl sulfinate,
 rt, THF
58% conversion
79:21 dr
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menthol
 detected in the 
reaction mixture
21% isolated yield (first eluting diastereomer) 38-1
9% isolated yield (second eluting diastereomer) 38-2
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-&+%2=.*!"(2/'!"%.!2/0((.+!32%!,)"%0(&>!,2,%&'(")!60(-!?@7!/2).,1).'!23!6"(.%>!:#!A",B0*=!+0"=%"/!'-260*=!2*)&!
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–97.5 ppm –87.0 ppm –94.4 ppm
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! = –70.3 (31P)
! = 7.87 (1H)
! = 155.5 (13C)
! = 2.06 (1H)
! = 44.9, d, 3JC-P = 2.2 (13C)
IR (neat): " = 1597 cm-1 (C=N)
MS (ESI+): m/z = 351 [M+H]
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! = –94.4 (31P)
! = 4.55 (1H)
! = 66.5, d, 1JC-P = 25.8, (13C)
! = 5.12, d, 2JH-P = 20.4 (1H)
! = 64.8, d, 1JC-P = 33.8 (13C)
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CH2Cl2, rt, 24 h
complex reaction mixture
7% isolated yield
* *
!"#$%&'()*(!
!"#$!
!"""! "#! $%&! $%"'(! )$&*+! ,%"-%! .&#&'/$&)! $%&! 0"#/1! 234! /((5-$! '&-67&'"#.! $%&! -/$/18)$! "#! $%&!
&1"9"#/$"6#! )$&*:! ;&7&'$%&1&))+! $%&! (&$/"1&(! 9&-%/#")9+! "#! */'$"-51/'! 06'! /)899&$'"-! 234!
7&')"6#)+!'&9/"#)!)$"11!5#(&'!(")-5))"6#:<=>?!
!
#$%&'&()*+,!/@!A&#&'/1!)-%&9&!60!234!'&/-$"6#B!C@!A&#&'/118!/--&*$&(!9&-%/#")9!,"$%!/1(&%8(&):!!
! D#! >EEF+! 4&! &%( #+,<GH+! =G?( '&*6'$&(! $%/$! $%&! 5#05#-$"6#/1")&(! IJK! ")! /#! &00"-"&#$!
6'./#6-/$/18)$!06'!#6#L/)899&$'"-!234!'&/-$"6#):!J%&8!")61/$&(!$%&!M,"$$&'"6#"-!/((5-$!06'9&(!
C&$,&&#!IJK!/#(!&$%81!/-'81/$&!-6#0"'9"#.!$%&!6--5''&#-&!60!$%&!*%6)*%/L2"-%/&1!/(("$"6#!)$&*!
"#! $%&! -/$/18$"-! -8-1&! /#(! *'67"#.! $%/$! $%&! *%6)*%6'5)! /$69! "#! IJK!*1/8)! /! -'"$"-/1! '61&! "#! $%&!
-/$/18$"-!*'6-&)):!J/N"#.!"#$6!/--65#$!$%&)&!*'&-&(&#$)+!,&!*1/##&(!$6!5)&!65'!&#/#$"6*5'&!IJK!
-69*65#()!/)!-%"'/1!6'./#6-/$/18)$)! "#!$%&!/)899&$'"-!7&')"6#!60!$%")!'&/-$"6#:!O#06'$5#/$&18+!
$%&!IJK!(&'"7/$"7&)! $&)$&(! "#! $%&!234!'&/-$"6#!C&$,&&#!=L#"$'6C&#M/1(&%8(&! P)-@!/#(!9&$%81!
7"#81!N&$6#&!P2QR+!),@!("(!#6$!"#(5-&!&#/#$"6)&1&-$"7"$8!"#!$%&!*'6(5-$!P).@!PS-%&9&!=:HT@:!U#&!
60!$%&!("/)$&'&69&')!60!$%&!%&'%LC5$81)510"#81!IJK!/012!/#(!C6$%!("/)$&'&69&')!60!$%&!*%6)*%"#6!
/1-6%61!IJK!3!"!412-!/#(!3!"#412-!,&'&!$&)$&(!"#!6'(&'!$6!)$5(8!$%&!9/$-%&(V9")9/$-%&(!&00&-$:!
J%&! *%6)*%"#6! /1-6%61! -/$/18)$)! ./7&! %".%&'! -6#7&')"6#)! $%/#! $%&! %&'%LC5$81)510"#81! IJK!
(&'"7/$"7&:!
R
X
R'
R = alkyl, aryl, heteroaryl, etc.; R' = H, CO2R'', alkyl, aryl etc.
EWG
EWG = CO2R'', CN, COR'', CHO, PO(OEt)2, SO2Ph, SO3Ph, SOPh, etc.
P- or N-
based catalyst EWG
XH
R
X = O, NCO2R'', NSO2Ar, NPOR2'' etc.
R'
R3E
E = N, P
O
X
a) Morita-Baylis-Hillman reaction
b) Generally accepted mechanism with aldehydes
O
XR3EMichael addition
aldol
reaction
R'CHO
O
XR3E
O R'proton shift
O
XR3E
HO R'
elimination
V VI
VIIVIII
OH
R' X
O
*
*
!"#$%"%&'()*(+*)#,*#)%)&'($-"#*!./01%2#3*3#"'4%&'4#25*6(7#*%$$8'9%&'()2*')*#)%)&'(2#8#9&'4#*9%&%8:2'25*!
! "#$!
!
!"#$%$&'()*!"#$!%&'()*+,!(')'-./&0!1.!&,',)*+23%&!45671'/&0!0&%*8')*8&/9!
6:*%*0*,')*+,!+;!<=>73,/')3%')&0!'-0&?.0&/!
! 5?&!(')'-.)*(!'/.@@&)%*(!;+%@')*+,!+;!':*%*0*,&/!%&2%&/&,)/!'!(?'--&,A*,A!',0!'))%'()*8&!
)'%A&)9!5?&!*,)%*,/*(!%*,A7/)%'*,!+;!)?&/&!/@'--!?&)&%+(.(-&/!@'B&/!)?&@!8&%/')*-&!(?*%'-!13*-0*,A!
1-+(B/! *,! +%A',*(! /.,)?&/*/9! 5?&! ;*%/)! 2%+)+(+-/! ;+%! )?&! &,',)*+/&-&()*8&! /.,)?&/*/! +;! ':*%*0*,&/!
(+,/*/)&0! *,! )?&! 3/&! +;! (?*%'-! /31/)%')&/! +%! (?*%'-! '3C*-*'%*&/9DEEF! 6/.@@&)%*(! 2%+)+(+-/! 3/*,A!
+%A',+@&)'--*(!(')'-./)/!?'8&!1&&,!'-/+!G*0&-.!3/&0!4'%!,*)%+A&,!)%',/;&%!)+!+-&;*,/!',0!'-/+!4'%!
('%1&,&! *,/&%)*+,! +,)+! HIJ! 0+31-&! 1+,0/9DEKF! L,! )?&! ;*&-0! +;! +%A',+(')'-./*/=! HM%0+8'!#&* %85DENF!
%&2+%)&0! ;+%! )?&! ;*%/)! )*@&! )?&!3/&!+;! (?*%'-! '@*,&/! )+!2%+8*0&! /*@2-&!'/.@@&)%*(! '((&//! )+!O7
;+%@.-':*%*0*,&/! ;%+@! <=>73,/')3%')&0! '-0&?.0&/! ',0! P7'(.-')&0! ?.0%+C.('%1'@')&/! QR(?&@&!
E9ST'U9! 5?&.! 2%+2+/&0! '! %&'()*+,! 2')?G'.! QR(?&@&! E9ST1U! *,! G?*(?! )?&! ;*%/)! /)&2! */! )?&!
;+%@')*+,!+;!'!(?*%'-! *@*,*3@! *,)&%@&0*')&! Q+,U!1&)G&&,!)?&!'-0&?.0&!',0! )?&!+%A',+(')'-./)9!
#3-B.!A%+32/!*,!)?&!(')'-./)!(+,)%+-!)?&!/)&%&+/&-&()*8*).!+;!)?&!,3(-&+2?*-*(!'))'(B!1.!)?&!'@*,+!
A%+32=! A&,&%')*,A! '! (?*%'-! &,'@*,&! *,)&%@&0*')&! Q,U9! 5?*/! *,)&%@&0*')&! (',! ('%%.! +3)! '!
,3(-&+2?*-*(! '))'(B! +,! )?&! &-&()%+2?*-*(! ,*)%+A&,! ')+@! %&-&'/*,A! )?&! -&'8*,A! A%+329! 5?&!
&,',)*+23%&!':*%*0*,&!*/!+1)'*,&0!1.!?.0%+-./*/!+;!*,)&%@&0*')&!,+9!
O
H
PTA-based
organocatalyst (15 mol%)
O2N
Me
O
46 47
O
Me
48
OH
O2N
*
THF, rt
N
N
N
(S)P
(S)
HO
Ph
(S,S)-2635-2
N
N
N
P
HN
Ph
Ph
S(R)
O
tBu
N
N
N
P
Lit. 1 h, 82% yield
17 h, 55% conv.
5% ee
17 h, 96% conv.
9% ee
N
N
N
(S)P
(R)
HO
Ph
(S,R)-26
17 h, 90% conv.
rac
*
!"#$%&'()*(!
!"#$!
!
!"#$%$&'()*!"#!$%&%'"(!)*+%,%!-.!-'/"&-*"0"(1)%2!"34'424&"04-&!'%"*04-&5!6#!7'-8-)%2!'%"*04-&!8"0+9"1:!
! ;40+!0+%)%!8'%*%2%&0)! 4&!,4&2<!9%!9"&0%2!0-!0%)0!-='!%&"&04-8='%!7>?!*-,8-=&2)!")!
-'/"&-*"0"(1)0)!4&!0+%!"34'424&"04-&!'%"*04-&!6%09%%&!0+%!%'#+,@A@+%B%&"(!C'*#!"&2!0+%!%&'%@6=01(!
-@C0-)1(-B1#*"'6","0%! C+,#! CD*+%,%!E:AF#:! G-&H%')4-&)! "&2!%&"&04-)%(%*04H404%)!9%'%! H%'1! (-9!
=)4&/!0+%!%&'%@6=01()=(.4&1(!7>?!2%'4H"04H%!-+.)&-'!0+%!+12'-*+(-'42%!)"(0!')!4&!0+%!8'%)%&*%!-.!"&!
%B*%))!-.!6")%!C.+(,.%/!/%&%'"04-&!-.!!0+%!8'4,"'1!",4&%#:!
!
!"#$%$&'(/,!?3424'4&"04-&!'%"*04-&!*"0"(13%2!61!%&"&04-8='%!7>?@6")%2!2%'4H"04H%):!
R H
O
PG
H
N
LG
PG = Boc, Cbz, Ts
LG = OAc, OTs
N
H
R H
O
N
PG
a) Organocatalysed aziridination reaction from !,"-unsaturated aldehydes
b) Proposed reaction pathway
N
R
PG
H
N
LG
N
RN
LGPG
N
RN
NH
R H
O
IX X
XI
R H
O
N
PG
intramolecular 
ring closure
PG
hydrolysis
aza-Michael reaction
Ar
OSiR'3
Ar
Ar OSiR'3
Ar
Ar OSiR'3
Ar
Ar OSiR'3
Ar
Ar
OSiR'3Ar
H
O
Boc
H
N
OTs
PTA-based 
organocatalyst (10 mol%) N
(S)
(R)
Boc
H
O
N
(S)
(S)
Boc
H
O
trans-51 cis-51
CH2Cl2, rt,  24 h
N
N
N
P
HN
Ph
35-1
Ph
S(R)
O
tBu
3 equiv. NaOAc
5% conv., 87:13 trans/cis
8% ee
NaOAc
N
N
N
P
H2N
Ph
Ph
41
!HCl
5 equiv. NaOAc
18% conv., 77:23 trans/cis
3% ee
49 50
*
*
!"#$%"%&'()*(+*)#,*#)%)&'($-"#*!./01%2#3*3#"'4%&'4#25*6(7#*%$$8'9%&'()2*')*#)%)&'(2#8#9&'4#*9%&%8:2'25*!
! "#$!
!"#$%&'(%)&*+,'-(%)&**
* ./,* '01$$,(+%-* !"'$%&'(%)&* )2* '34,/14,056789* :,()&,067;9* '&4* ,0(,+0567<9* %0* '* =)>,+2?3*
$,(/)4* ()* )@('%&* !"'$%&)* '-%405* >/%-/* +,=+,0,&(* 2?&4'$,&('3* @?%34%&A* @3)-:0* 2)+* (/,*
-)&0(+?-(%)&* )2* -)$=3,B* &'(?+'3* =+)4?-(0* '&4* @%)'-(%C,* $)3,-?3,0D* E'0%-'3315* (/,* +,'-(%)&*
-)&0%0(0* )2* '&* ,&)3'(,* F(/,* ,&)3%0'(%)&* =+)-,00* %0* =+)$)(,4* @1* '* -'('310(G* +,'-(%&A* >%(/* '&*
,3,-(+)=/%3%-*&%(+)A,&*0)?+-,5*?0?'331*'&*'H)4%-'+@)B13'(,*+,'A,&(*FI-/,$,*7DJKGD**
!
!"#$%$&'()*&L,&,+'3*+,'-(%C%(1*='((,+&*)2*!"'$%&'(%)&*+,'-(%)&0D&
M)-?0%&A*(/,*'((,&(%)&*)&*(/,*!"'$%&'(%)&*)2*N":,()*,0(,+05*(/%0*(+'&02)+$'(%)&*/'0*@,,&*
>%4,31* ,B=3)+,45* ?0%&A* @)(/* )+A'&)-'('310(0* '&4* $,('3"@'0,4* -'('310(0D6OP9* QR+A,&0,&* #&* %856OK9*
+,=)+(,4* 2)+* (/,* 2%+0(* (%$,* (/,* ,&'&(%)0,3,-(%C,* !"'$%&'(%)&* )2* N":,()* ,0(,+0* >%(/*
'H)4%-'+@)B13'(,0* -'('310,4* @1* -/%+'3* -)==,+FSSGT@%0)B'H)3%&,* -)$=3,B,0* FI-/,$,* 7DJJGD* ./,*
+,'-(%)&* $)0(* 3%:,31* =+)-,,40* (/+)?A/* '* -)$=3,B* %&* >/%-/* (/,* 4%0()+(,4* 0U?'+,* =3'&'+* V?FSSG*
-,&(+,* %0* -/,3'(,4* ()* (/,*N":,()*,0(,+*,&)3'(,D*./,*,3,-(+)=/%3%-*'(('-:*)2* (/,*'H)4%-'+@)B13'(,*
)--?+0*)&()*(/,*3,00*/%&4,+,4*2'-,*)2*(/,*-)==,+FSSG*,&)3'(,D*M+)$*(/,*)(/,+*/'&45*(/,*A+)?=*)2*
QR+A,&0,&* 4,C,3)=,4* '30)* (/,* 2%+0(* )+A'&)-'('310,4* !"'$%&'(%)&* )2* N":,()* ,0(,+0* ?0%&A* '*
U?%&%4%&,"4,+%C,4* '3:'3)%4* FN"%0)-?=+,%4%&,5* N"SVWG* FI-/,$,* 7DJJGD6OJ9* #3(/)?A/* (/,* '?(/)+0* 4%4*
&)(*=+)C%4,*$,-/'&%0(%-*0(?4%,05* (/,1*0?==)0,4*(/'(*'&*,&)3'(,*-)&('%&%&A*'*-/%+'3*'$$)&%?$*
FN"SVW"XYG*-)?&(,+*%)&*%0*'*3%:,31*%&(,+$,4%'(,D**
!
!"#$%$&'())*!"#$%&'(%)&*)2*N":,()*,0(,+0*-'('310,4*@1*'*V?"@'0,4*-)$=3,B*)+*'&*)+A'&)-'('310(*F!"SVWGD**
#2(,+*(/,0,*(>)*2%+0(*+,=)+(,4*,B'$=3,0*?0%&A*'*$,('3"*)+*'&*)+A'&)"@'0,4*-'('310(5*)(/,+*
,22%-%,&(*-'('31(%-*010(,$0*/'C,*@,,&*4,0-+%@,4*%&*(/,*3%(,+'(?+,D6OZ9*[,*>'&(,4*()*,C'3?'(,*)?+*
R1
R2
O catalyst-promoted 
enolisation
R1
R2
O N N
R3
R3
R1
R2
O
N
N
H
R3
R3*
Hcat.
R1
R2
O
N N
R4
R4
R1
R2
O
N*
Cu
O
N N
O
Me Me
TfO OTf
O
OR3
cat.
CO2R3
NHR4
R4
Cu(II)-bisoxazoline complex
N
H O
N
H
!-ICD
Ph Ph
OH
!"#$%&'()*(!
!"#$!
!"#$ %&'$ (")*+,-*+"./$ 01-2$ ,.$ 32*),4$ 4*5,!(.$ 6.*!5$ 3177")$ ,.$ -),!.*-*1!$ 8"-,4$ ,!($ ,.$ 32*),4$
1)5,!13,-,49.-.:$ ;1-2$ 3,-,49-*3$ .9.-"8.$ #")"$ -".-"($ *!$ -2"$ <=,8*!,-*1!$ 1>$ "-294$ ?=
1@1393417"!-,!"3,)01@94,-"$ A!"B$ ,!($ (*=%&'%=06-94$ ,C1(*3,)01@94,-"$ A!#B:$ &2"$ (".*)"($ 7)1(63-$
A!$B$#,.$10-,*!"($ *!$ 41#$9*"4($,.$,$ ),3"8*3$8*@-6)"/$6.*!5$ -2"$ %&'%=06-94.64>*!94$%&'$(")*+,-*+"$
#!%&$,.$1)5,!13,-,49.-$AD32"8"$E:?F,B:$G1!+").*1!.$#")"$2*52")$09$,((*!5$3177")AHHB$-)*>4,-"$,.$
8"-,4$ .,4-/$ 6.*!5$ 01-2$ (*,.-")"18").$ 1>$ -2"$ %&'%=06-94.64>*!94$ %&'$ (")*+,-*+"$ #!%&' ,!($ #!%"I$
21#"+")/$ -2"$"!,!-*1."4"3-*+*-9$#,.$+")9$ 41#$ A67$ -1$JFK$""$ *!$ >,+16)$1>$ -2"$+$ "!,!-*18")B$ *!$
01-2$3,.".$AD32"8"$E:?F0B:$
!
()*+,+'$-"#',B$L)5,!13,-,49."($<=,8*!,-*1!$6.*!5$#!%&$,.$1)5,!13,-,49.-I$0B$G6=3,-,49."($<=,8*!,-*1!$6.*!5$
#!%&$,!($#!%"$,.$4*5,!(.:$$
'((*-*1!$1>$-")8*!,4$,4M9!".$-1$*.,-*!.$
$ N634"172*4*3$ ,((*-*1!.$ -1$ -2"$ G=F$ 3,)01!94$ 5)167$ 1>$ *.,-*!.$ -1$ 10-,*!$ F=.60.-*-6-"($ F=
29()1@9=?=1@*!(14"$ .3,>>14(.$ ,)"$ +")9$ 6.">64$ )",3-*1!.$ (6"$ -1$ -2"$ 7)"."!3"$ 1>$ -2"."$81-*>.$ *!$
!,-6),4$ 7)1(63-.$ ,!($ ()65$ 3,!(*(,-".:OPEQ$ L!"$ 1>$ -2"."$ *!-")".-*!5$ -),!.>1)8,-*1!.$ *.$ -2"$
,4M9!94,-*1!$1>$*.,-*!.$-1$,>>1)($F=,4M9!94=F=29()1@9=?=1@*!(14".:$$N1!=,.988"-)*3$+").*1!.$2,+"$
O
CO2Et N N
Boc
Boc
PTA-based 
organocatalyst (5 mol%)
N
N
N
P
HN
Ph
35-1
Ph
S(R)
O
tBu
45 % conv., rac
toluene, rt
O
CO2Et
N
HN Boc
Boc
*
O
CO2Et N N
Boc
Boc
PTA-based ligand (5.5 mol%)
CH2Cl2, rt
O
CO2Et
N
HN Boc
Boc
*
Cu(OTf)2 (5 mol%)
N
N
N
P
HN
Ph
35-1
Ph
S(R)
O
tBu
82% conv., 13% ee (R)
35-2
N
N
N
P
HN
Ph
Ph
S(R)
O
tBu
74% conv., 11% ee (R)
a)
b)
52 53 54
52 53 54
*
* *
!"#$%"%&'()*(+*)#,*#)%)&'($-"#*!./01%2#3*3#"'4%&'4#25*6(7#*%$$8'9%&'()2*')*#)%)&'(2#8#9&'4#*9%&%8:2'25*!
! "##!
!""#$%"&"'()"%$*+,#-$%,"./0'$1,#234556$*+,#-$!,+7;7/"."8(202',2$298!"#"7%"8,&"%$+,'&"8$2(:)'";"+$
9+$29.9'0+.+45<6$(8$,#&('&,#-$9$=*>?@AB$CD3E7%,919!,202'(45FGFH6*#%"27I7"#"J$+0+.":$9+$29.9'0+.F45I6$
K"80$8"2"#.'03$./"$"#9#.,(+"'"2.,&"$&"8+,(#$(L$./,+$.89#+L(8:9.,(#$M9+$)*!',+/"%$ ,#%")"#%"#.'0$
!0$N,*$#&*%8F45E6$9#%$O*($#&*%8545P6$Q/"$-8(*)$(L$N,*$8")(8."%$./9.$./"$+0+.":$=*>?2/,89'$-*9#,%,#"$
)8(&,%"+$9#$"LL,2,"#.$8(*."$.($./"+"$"#9#.,(:"8,29''0$"#8,2/"%$)8()98-0',2$9'2(/('+F$R#$./"$(./"8$
/9#%3$ ./"$-8(*)$(L$O*($*+"%$9$2(:!,#9.,(#$(L$=*>$9#%$9$2/,89'$)/(+)/,#"$ ',-9#%$.($9LL(8%$./"$
+9:"$2'9++$(L$2(:)(*#%+$CS2/":"$GFTGJF$
!
!"#$%$&'()'&U'V0#0'9.,(#$(L$,+9.,#+$*+,#-$=*>$9#%$9$2/,89'$)/(+)/,#"$8")(8."%$!0$O*($#&*%8545P6&
$ W(''(M,#-$ ./"$ M(8V$ (L$ O*($ #&* %853$ M"$ %"2,%"%$ .($ ."+.$ ./"$ )"8L(8:9#2"$ (L$ (*8$ 2/,89'$
)/(+)/,#"+$9+$ ',-9#%+$ ,#$ ./,+$9+0::".8,2$ .89#+L(8:9.,(#$ CS2/":"$GFT5JF$ >#$9$ L,8+.$9..":).3$ ./"$
8"92.,(#$!".M""#*;7!"#10',+9.,#$ C**J$ 9#%$)/"#0'92".0'"#"$ C+,J$ *+,#-$ ./"$ &#"&7!*.0'+*'L,#0'$ XQU$
,*-)$9+$',-9#%$%,%$#(.$M(8VF$>#$(8%"8$.($,#28"9+"$./"$8"92.,&,.03$;7!"#10',+9.,#$M9+$L*#2.,(#9',+"%$
M,./$9$=WY$-8(*)$C2(:)(*#%$*.JF$>#$./,+$29+"3$*+,#-$./"$+9:"$XQU$%"8,&9.,&"$,*-)$9+$2/,89'$',-9#%$
./"$ 8"92.,(#$ %,%$ #(.$ M(8V$ #",./"8F$ Z(M"&"83$ ./"$ ,*-+$ %,9+."8"(:"8$ '"%$ .($ 9$ /,-/$ 2(#&"8+,(#$
C<<[J3$!*.$*#L(8.*#9."'0$./"$)8(%*2.$M9+$892":,2F$
!
!"#$%$&'()*$U'V0#0'9.,(#$(L$,+9.,#+$*+,#-$./"$%,9+."8"(:"8+$(L$,*$9+$2/,89'$',-9#%+F$
!
N
O
O
R1
R2 R3
CuI (5 mol%)
ligand (6 mol%)
Et3N (2 equiv.)
tBuOMe, 40 ºC
N
O
R1
*
PPh2
NH
O
N
H
Bn
Ts
ligand
up to 99% yield
up to 94% ee
HO
R3
R2
N
O
Bn
*
HO
Ph
N
O
O
Bn
Ph
CuI (5 mol%)
PTA-based ligand (6 mol%)
Et3N (2 equiv.)
tBuOMe, 40 ºC, 24 hR
55, R = H
56, R = CF3
13 57, R = H
58, R = CF3
N
N
N
(S)P
HN
Ph
35-1
Ph
S(R)
O
tBu
35-2
N
N
N
(R)P
HN
Ph
Ph
S(R)
O
tBu
57
35-2, no reaction
58
35-2, no reaction
35-1, 66% conv., rac
R
N
O
Bn
*
HO
Ph
H
N
O
Bn
*
HO
Ph
CF3
!"#$%&'()*(!
!"#$!
!"#$%&%$'()%*+%,++-.%/012-3$%(4/(4#+)5)*42+
+ 6*+ (74+ 8'2(+ "4'$29+ &%$%*-/%*(')*)*:+ 5%84/;842+ 7'<4+ &4/%54+ <4$"+ )*(4$42()*:+ )*+ (74+
37'$5'/4;()/'8+ 24/(%$=+ >'$()/;8'$8"9+ 4*'*()%3;$4+ ?-'5)*%+ &%$%*)/+ '/)#2+ '*#+ 42(4$2+ 7'<4+ &44*+
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